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FOREWORD

The-basic Space Station Technology Development Mission Requirements Definition

Study for Advanced Automation and Robotics (Contract NAS9-17706) was initiated in

November 1986 to be completed in November 1987. The study was conducted for the

National Aeronautics and Space Administration's Johnson Space Center by the

Boeing Aerospace Company. The final report package consists of five documents:

D180-30636-1

D180-30637-1

D180-30638-1

D180-30639-1

D180-30627-1

Final Report

Mission Definition Report

Test Bed "Hooks and Scars" Report

Test Bed Capability/Facility Report

Mission Requirements Data Base Entry

Dr. Jon Erickson and Mr. Kenneth Crouse were the contracting officer's

representatives and technical monitors for the Johnson Space Center. The Boeing

study effort was managed by Dr. Douglas Dorrough and Mr. Robert Dennison with Mr.

Paul Meyer as the technical leader.
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1.0 SUMMARY

The Space Station Technology Development Mission Requirements Definition Study

for Advance Automation and Robotics (A&R) is a two-part effort consisting of a 1-year

basic study and an optional extended study. This document is the final report for the

basic study part of the overall effort. After the basic study has been completed, NASA

may exercise the option part of the study in order to expand on the results presented in

this report. The basic study is structured to address seven tasks:

Task 1

Task 2

Task 3

Task 4

Task 5

Task 6

Task 7

Analyze Space Station A&R Applications Sources

Analyze Lunar Base and Other Applications Sources

Define Automation and Robotics Missions

Identify Space Station Test Bed Capability/Facility for High-Priority
A&R Missions

Identify High Priority A&R Mission Hooks and Scars for the Initial

Operational Capability (IOC) Space Station

Conduct University/Industry Review of This Study

Prepare High-Priority A&R Mission Descriptors in the Format of the

Space Station Mission Requirements Data Base (MRDB) Entries

Figure 1.0-1 shows the major milestones and the schedule relationship between the

tasks of the study.

The sections of this report cover the overall effort conducted during the 1-year study

and provide detailed discussion of tasks 1, 2, and 6. The other four tasks are detailed

in four separate report documents, which are referenced in the designated sections of

this report.
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1.1 Study Objectives

The overall objective of this study and the option study is to develop essential inputs

for a blueprint to guide NASA in structuring a space station program to conduct A&R

development missions. The A&R developed by those missions would not only be for

space station use but would support terrestrial applications and applications on space

missions beyond low Earth orbit. The specific objectives within the study tasks are to:

a. Provide a focus for the extensive documented output of previous A&R

planning studies for space station.

b. Expand that focus to include drivers for A&R applications indicated by

documentation for lunar base and other advanced space missions.

c. Structure that focusing into a compact set of A&R development missions to be

conducted on the space station.

d. Prioritize those missions according to criteria that reflect consistency with

(1) available technology, (2) the economics of using the space station, and

(3) the usefullness of the A&R applications supported.

e. Provide pointers to space station facilities/capabilities and IOC hooks and

scars needed for the high-priority missions defined.
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2.0 CONCLUSIONS

As a result of conducting the reviews and analyses associated with this study, certain

conclusions related to the concept of using the space station for A&R development

have emerged. The following is a listing of those conclusions.

a. The documentation that has been reviewed for this study contained descriptions

that were largely of A&R (or in some cases control systems) applications. For

that reason the initial list of candidates from the review was much wider than the

list of A&R concepts that were actually contained.

b. The screening of the wide list of applications focused on four general A&R

areas, three of which are in robotics:

1. Embedded automated system analyzers/managers.

2. Mobile robots.

3. Complex manipulative robots.

4. Repetitive factory-type in-place robots.

Co The technology development for embedded automated systems

analyzer/managers can be accomplished on Earth and therefore, does not

require space station missions. The visibility of the space station program to

the public, and the complex interfaces between the automatic

analyzer/manager and space station systems being managed, do however,

give motivation for space station missions in that area.

d. The available microgravity in Earth orbit provides an attractive means of

obtaining robot mobility through free flight. The control and safety of such

robots in near proximity to space craft, however, is an area of concern. Missions

to gain experience with such robots and to develop operational techniques with

complex remote control represent beneficial uses of the space station for

advancing A&R.
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e= The complex manipulative robots appear to be an outgrowth of the Flight

Telerobotic Servicer (FTS) program. The space station development missions

in this area would be for very advanced concepts using background from the

FTS.

Factory-type robotics do not represent a general technology advancement area.

Except for tailoring a robot to a specific application or installation (such as those

for lunar base or planetary factories) the processes appear to be within the

state-of-the-art and space station A&R missions are not suggested.

g. The high-priority A&R missions defined by this study were organized into a

program of interconnected development projects on the space station for

conduct between IOC and IOC plus 10 years.

h. The A&R missions defined by this study appeared to be compatible with

extensive use of the space station attached payload accommodation equipment

(APAE).

For development of A&R for use on the surface of the moon or another planet,

the space station with a co-orbiting spinner could also provide a laboratory for

development of robotics associated with spinning space vehicles.

The overall conclusion from this study is that there is a structure, which has been

suggested by this effort, for a useful program on the space station to advance

important elements of automation and robotics. The effort reported here is not

conclusive; it is however a beginning and has developed a framework for more

specific A&R mission definitions.

3.0 RECOMMENDATIONS

It is recommended that NASA use the results of this study as a structured framework

for developing a comprehensive and integrated program to use the space station for

advancement of automation and more extensively mobile robotics.
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4.0 DISCUSSION OF RESULTS

This section presents the detailed results obtained during the conduct of the basic

study. -Section 4.1 and its subsections, discuss the results of study tasks 1 and 2.

Those two tasks were conducted to review and analyze a body of background

documentation on space station and other space applications of A&R. The purpose of

the analysis of the documentation was to select a set of candidate missions to be

considered for conduct on the space station to advance A&R technologies. Sections

4.2, 4.3, and 4.4 identify tasks 3, 4, and 5 of the study and provide explicit references to

separate study report documents that address the results of those three tasks. Section

4.5 reports on the University/Industry Review that was conducted September 17, to

obtain an independent viewing of the A&R missions defined during the study. Section

4.6 briefly describes the Space Station Mission Requirements Data Base (MRDB)

entries developed during this study for high-priority A&R missions and references the

specific report document that presents those entries.

4.1 Tasks 1 and 2: Background Review and Mission Candidate Selections

These two tasks of the study for Space Station Technology Development Mission

Requirements Definition for Advanced Automation and Robotics used similar

processes for the analysis of background documentation on two general areas of

space application of A&R. Task 1 is focused on background documentation

developed for the planning of A&R applications on the space station itself. The body of

documentation reviewed consists largely of draft automation and robotics plans (DR-

17 documents) developed by the space station phase B contractors prior to October

31, 1986. In addition, excerpts from Space Station Requirements Update Reviews

(RURs) were analyzed along with Volume II and the first two progress reports on

Advancing Automation and Robotics Technology for the Space Station and for the

U.S. Economy. As a more general investigation of the application of A&R technologies

to space station and other space programs, the proceedings of the In-Space Research

Technology and Engineering Workshop were reviewed along with the 1986 space

research objectives list for NASA OAST. Table 4.1-1 lists the documents reviewed for

task 1.
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Task 2 was directed toward documentation suggesting A&R applications for advanced

space missions such as lunar base missions or manned missions to Mars. Documents

reviewed for task 2 consist of (1) Manned Mars Missions Working Groups Summary

Report, May 1986; (2) Pioneering the Space Frontier, Report of the National

Commission on Space, May 1986; and (3) Lunar Bases and Space Activities of the

21st Century, W. W. Mendell, Editor, November 1985.

For both task 1 and task 2, the documents were reviewed to identify concepts using

A&R that would specifically benefit from development missions on the space station. A

groundrule was developed during this study that there must be a definite reason for

conducting the mission on the space station before the candidate could be selected.

Considerations in developing that reason included the following: (1) there is a

significant impact of the environment provided at the space station on the functioning

of the A&R candidate (and that impact is difficult or costly to simulate on Earth); (2) the

operation of the candidate in space is considered to be risky and the space station can

be used for confidence-building demonstrations; or 3) the candidate is eventually to be

deployed as a system of the space station, and interfaces between the candidate and

the station are sufficiently complex so that pilot plant experiments are needed.

The entire set of documentation reviewed contains many duplications or alternative

applications of the same basic automation or robotics concepts. Wherever possible in

choosing A&R candidates for space station missions, the more generic definition of a

concept was selected. In addition an attempt was made to develop some of the

mission steps along the evolutionary paths for the more sophisticated of the generic

concepts. Any of the candidates that were predicted to gain sufficient space

development on other programs (STS or unmanned space programs) prior to the

space station IOC date were eliminated from further consideration in this study.

Once a set of A&R candidates had been selected using the screening identified above,

a technology based evaluation was conducted. This evaluation was accomplished by

comparing estimated dates when the needed level of background technology is

predicted to be demonstrated in Earth laboratories to dates when development

missions could be flown on the space station during its first operational decade (1996-

2005). If the prediction showed that the needed level of background technology will

not be available in a laboratory prior to the last date when it will be usable for a space

station development mission, the candidate was not retained for further study.

8
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4.1.1 Review of Documentation

The body of documentation reviewed for task 1 presents the views of phase B

contractors for space station, of NASA technical managers for A&R, and of other

contributors from the Advanced Technology Advisory Committee (ATAC). Those views

extend from an appreciation of the need for A&R applications to support the space

station crew to a sensitivity with respect to the technology issues associated with

developing such applications. There is no consensus within the community on the

status of technologies needed to support the applications or even on the highest

priority applications. Many contributors see robotics as evolving from hands-on

teleoperations to supervised autonomous robots. Others contend that the path to

advanced autonomous robots can only be achieved through evolution from simple

task menus accomplished autonomously to a more and more complex automatic

capability. Some see sensors and end-effectors as the major technology challenge,

others see automatic planners and parallel computing as the critical areas. It is clear

that different points of view have formed within the NASNcontractor community on the

direction and priorities for space station A&R. With this mix of influences in the

background documentation, it was necessary in this study to bring some focus in order

to accomplish any selection of A&R mission candidates.

The first step in reviewing the documentation was to identify an initial set of possible

candidates for A&R missions. This produced a list of 151 candidates including many

duplications and multiple applications of common A&R concepts. In order to give the

reader a sense of this list it is presented as Table 4.1.1-1 without editing. The items

listed in Table 4.1.1-1 are categorized according to purpose (Application = A or

Development = D) and type:

SM

SA

CD

ATR

CS

FFR

PPR

= Smart Manager (planners and decision makers)

= Smart Analyzer (data integrators, fault and performance analyzers)

-- Component Development (component concept or device)

= Attached Robot (not mobility)

= Control System (not advanced A&R)

= Free Flying Robots

= Pick and Place Robots (factory type/repetitive)

9
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Table 4.1.1-1

A&R Applications/Development

Candidates Identified in Space Station Documentation

Title PurDose

Platform

Platform

Platform

Platform

Platform

Platform

Platform

Platform

Platform

Platform

Platform

Electrical Power Controller

Autonomous Guidance

Dynamic Scheduler of C&T

DMS Fault Monitoring/Diagnosis

DMS Distributed Processing Mgr.

DMS Data Storage Controller

Thermal Active Temperature Controller

Propellant Use Gage

User Interface Fault Diagnosis

User Interface System Controller

User Interface Automated Servicer

Platform Mission Planner

Checkout of Payload Attachment Sites

Payload Installation, Removal, and Exchange

Payload Checkout

Payload Pointing Coordination

Payload Pointing Calibration

Payload Peak Power Scheduler

Payload Attachment Equipment Thermal Control

Payload Trend Data Analyzer

Payload Power Operating Limits

Automated Contamination Protection

Cable Mobility System

Astronauts Assistant (Free Flyer)

Astronauts Assistant (Non-Free)

Multipurpose Service Robot

Payload Specific Support (Smart Sensor)

Payload Service Advisor

Lab Module Vivaria ECLSS

A SM

A SM

A SM

A SA

A SM

A SM

A SM

D CD

A SA

A SM

A ATR

A SM

A ATR

A ATR

A SA

A SM

A SA

A SM

A CS

A SA

A SM

A SA

A CS

A FFR

A ATR

A FFR

D CD

A SM

A CS

10
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Table 4.1.1-1 (continued)

Automatic Cage Cleaner

Lab Module Transfer Robot

Centrifuge Access Robot

Laboratory Module Automatic Analyzers

Automated Lab Management System

Automated Lab Data Management System

Automated Specimen Labeling Device

Laboratory Mentor

Automated Lab Work Station

Software Application Generator

Design Knowledge Data Base

Advanced Conversional OSI

Module Safety Advisor

Intelligent Tape Recorder

EVA Inspector Robot

Teleoperated Space Robot

Smart Front End

Integrated Maintenance Trainer

Mobile Intelligent Dexterous Robot

Autonomous System Controller

State Estimator

Subsystem Monitor/Statusing System

Fault Predictor/Analyzer/Manager

Integrated Controller

FMEA Assistant

Operation and Maintenance Scheduler

Inventory Management System

Robot Friday

MTL Experiment Monitor and Control

Advanced Autopilot For Spacecraft

Flight Versus Ground Command of Robot

Teleoperated Structural Assembly

Dexterous Teleoperated Robot

A

A
A
A
A

A
A
A
A
A
A
D
A
A
A
A

A

A
A
A

A

A

A
A

A

A
A
A
A
A
D

A
A

CS

PPR

PPR

SA
SM

SM

CS

SM

SM

SM

SM

CO
SM

SM

FFR

ATR

ATR

SM

FFR

SM

SA

SA

SA

SM

SA

SM

SM

PPR

SM

CS

CD

ATR

ATR

11
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Table 4.1.1-1 (continued)

Atmospheric Telescope Facility

Robot For Service Lab

Automated Servicing Robot

Dynamics of Retargeting Large Structures

Human-Machine Interface Workload

Space Power Systems A&R

Berthing/Docking Mechanisms and Control

Near-Term Teleoperator Maneuvering Experiment

Walking Machine (Space Spider)

Payload Servicing Robot

Utility Run Inspection Replacement

Inspection Repair of Trusses and Structures

Distributed Smart Camera System

Thermal Control System Inspection

Mounting Plates Assembly Inspection Repair

Robotic EVA Crew Assistant

Interconnect Inspection Repair

Hazardous Material Handling System

Tunnel Inspection for Exterior Damage

Gimbal Maintenance

Robotic Inspection Cleaner

Berthing System Inspection and Repair

Passive Thermal Control Monitoring

Bolt Torque Preventative Maintenance

EVA Task Mission Planning Aid

Thermal Control Maintenance

Hazardous Utilities Connection

Attitude Determination from Camera Video

Inspection of Pressure Seals

Nondestructive Testing of Struts and Mounts

Active Thermal Control System Assembly and Operations

Space Station Markings Inspection Repair

Voice-Controlled Camera Adjustment

A

A

A

A

D

A

A

A

D

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

CS

PPR

FFR

FFR

CD

SM

FFR

FFR

CD

FFR

FFR

FFR

CS

FFR

FFR

FFR

FFR

PPR

FFR

FFR

FFR

FFR

SA

FFR

SM

FFR

ATR

CS

FFR

FFR

FFR

FFR

CD

12
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Table 4.1.1-1 (continued)

Thermal CurvatureControl

Space Station Service Vehicle

Space Station Coordinator

Structure Assembly

Knowledge-Based System for Fault Diagnosis of Communication

Systems

EVA Expert Monitor

Space Station Operation and Maintenance Training System

Utilities Connection Verification

Airlock Chemical Decontamination

Berthing Chemical Decontamination

C-Interc Chemical Decontamination

Airlock Hatch Actuation

Automatic EVA Servicing and Checkout

MRMS Knowledge Based Maintenance System

Module Berthing Assistance

Expert System Based Automated Power Management System

Medical Assistant

OMV-OTV Automated Servicing Facility

Expert System for Multiplexing and Buffering

GNC Online Crew Training

DMS Displays

DMS Diagnostic System

Fluid Management Expert System

MRMS Operations

Voice-Actuated Patient Restraint System

Mass Properties Validation

GNC Maintenance System

Health Maintenance System

Attached Body Control

Cable Mobility System

First Aid Assistant

Space Traffic Management Control

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

SA/CS

ATR

SM

FFR

SA

SA

SM

SA

FFR

FFR

FFR

CD

SA

SA

ATR

SM

SA

SM

SM

SM

CD

SA

SA

CD

DC

SM

SA

SM

SA

CS

CS

SM

13
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Table 4.1.1-1 (continued)

Knowledge Based System for Adaptive Bandwidth Compression A

Airlock Pressure Monitoring and Control A

Communications and Tracking Performance Monitor A

Communications and Tracking Configuration Control A

Communications and Tracking Offline Diagnosis A

Communications and Tracking Fault Detection, Isolation and Repair A

Communications and Tracking Resource Manager A

Electrical Power Fault Detection, Isolation, and Repair A

Electrical Power Resource Manager A

Electrical Power Performance Monitor A

Thermal Control System Fault Detection, Isolation, and Repair A

Thermal Control System Resource Manager A

Thermal Control system Performance Monitor A

Environmental Control Life Support Fault Detection, Isolation, A

and Repair

Environmental Control Life Support Resource Manager A

Environmental Control Life Support Performance Monitor A

Data Management System Onboard Maneuvering System Manager A

Data Management System Mission Manifest A

Data Management System Flight Designer A

Resource Manager High Level Health Monitoring A

Resource Manager Scheduling and Planning of Users A

GN&C Systems Manager A

GN&C Checker and Isolation Diagnostics A

GN&C Traffic Control and Proximity Operations A

GN&C Performance Monitor A

Automatic Scheduler D

Automatic Predictor D

Automatic System Manager D

Automatic Fault Detector/Isolator D

Multi-Armed Robot With Visual and Touch Sensors D

Multi-Armed Coordination and Collision Avoidance D

Multi-Robot Coordination D

SM

SM

SA

SM

SA

SA

SM

SA

SM

SA

SA

SM

SA

SA

SM

SA

SM

SM

SM

SM

SM

SM

SA

SM

SA

SM

SA

SM

SA

ATR

CD

CD

14
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Table 4.1.1-1 (continued)

Free Flying Robot Proximity Operations

Distributed Control of Space Station Systems

Telerobotics Repair of ORUs

Communications and Tracking Systems Manager

Platform Robot

Automated Maneuver Planner

Data Management Network Fault Detector/Rerouter

Autonomous Servicing Robot

Robotic Manipulator Elements Development

Robotic Vision Sensor Development

Autonomous Robots

D FFR

D SM

A ATR

A SM

A ATR

A SM

A SA

A FFR

D CD

D CD

D CD

For task 2 the documentation reviewed consisted largely of descriptions of mission

concepts and did not specifically deal with A&R applications or development. The

areas within those mission concepts that suggest A&R include the use of (1)

autonomous surface rovers, (2) automatic manufacturing plants on the surface, (3)

automatic life support systems either on the surface or on transit vehicles, and (4)

transit vehicle A&R including EV maintenance and repair robots. A significant

difference between many of the A&R concepts suggested for task 2 from those of task

1 is that gravity and other environmental conditions of a planetary or lunar surface are

involved. Space station would appear to have no special characteristics to support

experimentation under such conditions. While it is apparent that the station itself

would not facilitate such experimentation, it is conceivable that a co-orbiting spinning

vehicle could be used to produce artificial gravity. By positioning a capsule for the

experimental laboratory at the appropriate distance from the hub of an orbiting spinner

the gravity of the Moon, Mars, or other planetary surfaces could be approximated.

Other environmental characteristics of the surface, such as an atmosphere with a

certain pressure and composition, could be encapsulated in the experimental module,

and sustained testing of the A&R system or component could be conducted. The

spinner is a platform which is co-orbiting with the space station and could support

testing by space station crew members who would transit between the two vehicles.

The space station DMS and communications systems could be used as data
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processing support of the experiments with data passed through a link between the

two vehicles. Figure 4.1.1-1 illustrates the co-orbiting spinner concept.

A different application of the co-orbiting spinner for A&R concept testing would support

examination of the dynamics of an EV robot operating in close proximity to the spokes

of the spinner. Such an A&R concept is suggested as a support facility for a manned

Mars transit vehicle. The manned Mars transit vehicle has been considered to be a

spinner in order to provide artificial gravity for the crew during the long voyage. An EV

robot could be used to perform EVA during deep space transit.

Table 4.1.1-2 lists A&R candidates suggested by the mission descriptions presented in

the documents reviewed for Task 2.
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Figure 4.1.1-1 Spinning Laboratory Co-Orbiting with Space Station
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Table 4.1.1-2

A&R Applications Candidates Suggested In

Advanced Missions Documentation

• Teleoperated Robotic Rovers on Moon

• Robotic Factories on Moon

• Intelligent Autonomous Systems for Automatic Processing Plants on Moon and

Mars

• Robot Prospectors with Remote Sensing and AI

• Teleoperated Fluid Transfer and Storage Techniques

• Automated Mars Landing, Ascent and Rendezvous Manager

• Autonomous Mobile Robot for Use on Mars or Lunar Surfaces

• High Fidelity - Offline Simulators for Maintaining Crew Proficiency During Mars
Transit

• Mobile Robots for EV Maintenance and Repair of Spinning Manned Mars Transit

Vehicle

• Autonomous System Controller for Nuclear Power Plants on Surface of Moon or

Mars

18
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4.1.2 Grouping of Candidates

The next step was to examine the lists obtained from the document reviews to

eliminate duplications and group the remaining candidates according to categories.

The largest category on the lists obtained from the document review for tasks 1 and 2

was the smart manager group, which included 60 candidates. This category was

reduced to a single identifier based on the assumption that the mission for

development of these A&R candidates would be essentially the same regardless of the

specific system function that each managed. That A&R candidate for this category was

called an autonomous system manager and was defined to embody sensing, data

collection and analysis, trend development, automatic planning, automatic decision-

making and interaction with human crew members which are characteristics of most if

not all of the smart manager candidates.

One subset of the autonomous system manager group that appeared on the document

review listings as a distinct group were candidates with a smart analyzer function.

These included such applications as performance monitors, medical monitors,

automatic calibrators, and fault predictor/analyzer/managers. The largest number of

the 37 smart analyzer applications fell under the fault predictor/analyzer/manager

category. Because all of the candidates in the smart analyzer group have similar

characteristics that include collection of sensor data, comparison of that data with data

bases or models, automatic inferencing, and the output (as commands or displays) of

results, the fault predictorlanalyzerlmanager name which applies to the largest set of

applications was selected to represent the entire group.

The 13 candidates within the attached robot category in Table 4.1.1-1 represents 13

applications (with possible duplication depending on interpretation) of a similar robotic

concept. The concept is teleoperated and is either fixed or is articulated by a separate

mobility device. In most cases these applications appear to be based on functions to

be developed by the Flight Telerobotic Servicer (FTS) program. The attached robot

category was considered in this studyto be four separate mission candidates. These

included three candidates from Table 4.1.1-1: The teleoperated space robot (another

name for the FTS); the ORU repair candidate which was retained for further

consideration because of the complex robotics associated with disassembly and

repair of ORUs; and the distributed robot for thermal curvature control. In addition the
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teleoperated fluid transfer and storage candidate was selected from Table 4.1.1-2

because of its unique yet widely applicable function.

The free flyer robot category covers over 30 candidates in Tables 4.1.1-1 and 4.1.1-2.

The entry-level free flyer was represented by the EVA inspector robot candidate while

the advanced concept was represented by the mobile intelligent dexterous robot. A

special application of the free flyer robot with potential for wide application including

that of being an EV retriever of errant astronauts or components is the Robotic-EVA-

Crew-Assistant candidate. Each of the three candidates identified above, along with

the mobile robots for EV maintenance and repair of spinning manned Mars transit

vehicle candidate from Table 4.1.1-2 were retained as representatives of the free flyer

category.

The six applications of pick and place type robots listed on the two tables were

represented for this study by the lab module transfer robot candidate.

The rovers from Table 4.1.1-2 were not considered viable candidates for development

on a co-orbiting spinning laboratory because of the size of the test track that would be

needed. It would be possible to use scaled-down models, but the fidelity of the

modeling would have to be compared with Earth simulation in making decisions for

such experimentation and it would appear unlikely that modeling on the spinner would

be cost effective. It was considered to be feasible to use the spinner for experiments to

develop attached robots or pick and place robots for Martian or lunar automatic

factories. If such development were to be cost effective, however, the operations of the

robots would have to be sufficiently complex so that Earth-bound simulations would be

impractical. The other candidates in Table 4.1.1-2 were either considered to be more

adapted to Earth-based development or were covered by the generic candidates

discussed in the previous paragraphs.

The individual component development category was not retained for this study

because the specific information needed to define the developments was not available

in the Task 1 and Task 2 documentation. The narrow or process for the development

of specific techniques or devices was considered to be less likely to invoke justification

for space station missions as opposed to Earth laboratory developments.
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The control system candidates, while interesting, were not considered valid members

of the A&R population for this study.

Several candidates In Tables 4.1.1-1 and 4.1.1.2 were dropped because they were

indicated to be Earth-based applications or developments and would have no specific

reason to be considered for space-borne development. These include:

Platform Mission Planner

Software Application Generator

Design Knowledge Data Base

Intelligent Tape Recorder

Integrated Maintenance Trainer

State Estimator

FMEA Assistant

Operation and Maintenance Scheduler

Inventory Management System

EVA Task Mission Planning

Operation and Maintenance Training System

Medical Assistant

GNC Online Crew Training

Health Maintenance System

Automatic Scheduler

Automatic Predictor

Automated Mars Landing, Ascent, and Rendezvous Manager

High-Fidelity - Offline Simulators for Maintaining Crew

Proficiency During Mars Transit

Autonomous System Controller for Nuclear Power Plants

on Surface of Moon or Mars

Candidates that were retained for further consideration and brief descriptions of the

developments or applications that they cover are presented in Table 4.1.2-1.
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4.1.3 Technology Assessments and Candidate Selections

The first step after the grouping by categories was complete was to analyze the

resulting candidates with respect to the need for the use of the space station in their

development. Following that step the candidates were screened according to the

availability of background technologies needed in their development using

documented assessments of the status of those technologies. The result of these two

screenings produced a list of A&R candidates to be used for the definition of A&R

development missions in Task 3 of this study.

4.1.3.1 . Impact of the Need for Space Station Testing on Candidate Selection

The free flying robotic candidates would all be significantly effected by the micro-

gravity environment and the dynamics or orbital operations and therefore they were all

retained on the list. The free flyers were also considered significant candidates for

space station development because of the need to develop' operational confidence in

the concepts and the need for onboard integration of complex interfaces between the

robots and the space station crew and intrastructure.

The attached robot candidates would also be heavily impacted by microgravity and

space station interfaces but the basic technology for attached robots was already

covered within the plans for a main stream NASA project called the Flight Telerobotics

Servicer (FTS). For that reason the primary attached robotic candidate (teleoperated

space robot) was not retained for further consideration in this study. Among the other

candidates, the telerobotic repair of ORUs concept was retained on the list because in

addition to being impacted by micro gravity and telecommunication lag times it has

been considered to be well advanced with respect to the initial FTS concepts. The

thermal curvature control candidate while not clearly affected by the space

environment would be significantly connected to the space station configuration and

physical interfaces, so it also stayed on this list. Finally, the teleoperated fluid transfer

and storage candidate remained on the list because of the sensitivity of the concept to

deep vacuum and microgravity environments.

While the rail mounted lab module transfer robot would have characteristics that are

sensitive to the microgravity environment of space it is unlikely to need testing as a

space station A&R mission. This is because such a robot will most likely be an
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operational installation on an early version of the space station. Early operational

deployment of this candidate is considered likely because the technology for such

factory-type robots is maturing rapidly and because the well-defined tasking for the

laboratory robot will allow development through the use of Earth-bound simulations.

For the special cases of factory robots that would require development for use on the

surface of the moon or on Mars, a program using a co-orbiting spinning laboratory

could be considered. It is conceivable that complex robotic development or hardware

life testing in those lunar or planetary surface environments may be needed, but the

documents reviewed did not specifically identify such requirements. In general, the

laboratory robot developments did not appear to represent significant candidates for

space station A&R missions.

The autonomous systems manager and the fault predictor/analyzer/manager

candidates are both based on techniques that have little sensitivity to the environment

of space. Except for those cases where systems of this type are being developed for

eventual deployment on the space station there is little reason for conducting A&R

experiments on-board. In cases where the automatic analyzer/manager are being

considered for space station deployment, the associated on-board integration, with its

complex interfaces and operational reactions, will need to be examined. While much

of that examination could be accomplished using an Earth-based duplication of the

space station, it is unlikely that all of the interfaces and operational bugs could be

worked out away from the actual installation site. For that reason an on-board pilot

plant program for testing the interfaces and operation of these manager/analyzer

systems was considered to be necessary and such pilot plants would be set up to

using a noncritical on-orbit subsystem. Using the pilot plants with noncritical actual

interfaces and crew subsystems the involvement could be worked out before

deploying the automatic manager to a more critical system. Another feature of the pilot

plant process that makes it attractive for on-orbit testing would be that the complexity of

the manager system being examined could be increased over the period of the

experiment as interfaces and operational techniques are developed.

4.1.3.2 Technology Status Impact on Candidate Selection

In order to select candidates based on the assessed status of background

technologies, it was necessary to characterize each candidate in terms of the

documented technology assessment used. For this study the documented
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assessment used was that presented in the Boeing DR-17 report. That assessment

was selected because it was based on recognized background information from SRI

International and from the ATAC study results and also because it was presented in a

readily usable form. Figures 4.1.3.2-1 thru 4.1.3.2-6 are duplications of the assessment

curves from the Boeing DR-17 document and are presented in this report for

convenient reference.

For the EVA inspector robot candidate, a level of speech technoloi:jy would be needed

to support connected speech of between 200 and 1000 words. That capability would

need to be speaker independent in moderate noise background and with low stress

conditions. Vision and scene interpretation technology would be needed for extensive

CAD instructing of the robot planner. Sensing would be needed for detecting

navigational way points and obstacles in the robot's path. A level of knowledge-based

system technology would be needed that is consistent with expert systems to

automatically make decisions about subsystem interactions, when inconsistent

information and data errors are involved. The planning technology level needed

would be that necessary for reasoning about sensed actions against resource

constraints in order to develop path and high level task plans automatically. The

robotic technology for the EVA inspector robot would be a low level supervisory

controlled system because the concept is based on mobility without manipulation.

Computing capability would require a moderate application of parallel processing, use

of symbolic language processing, and a 10-Mbyte portable memory. Comparing these

characteristics with the assessment curves for a background technology readiness

level 6 (prototype/engineering model tested in relevant environment on the NASA

readiness scale) gave the predicted availability dates shown in Table 4.1.3.2-1.
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Figure 4.1.3.2-1 Technology Forecast for Speech Systems

32



D180-30636-1

>-

.-I
u

,<

,< 3
U
>-

O
.J
O 2
Z
.-r.
U
tu
i--

I

VISION

i • _ TllIlt_eelooe•'°_

v
•_5 TECHNGLOGY READINESS"

• • • /'_. • -'8 ?EC._NOLOG "/RE_.C)INE35

• SSP _ OA$- Tecnno,ccy

Reaa:ness $caie

1985

I I I I I

1990 1995 2000 2005 2010

TIME ,t YEARS
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1. 2-D black & white, 700 lines resolution, 800 x 800 pixels, 2000 frames per

second, stereo barcode readers, highly specific structured scene interpretation,

non-overlapping objects, known perspective, specialized lighting.

2. Real time computer enhanced video, 1000 lines resolution, limited CAD-based

data base, general structured scene interpretation.

3. 2-D black & white, 2000 lines resolution, 2048 x 2048 pixels, real time gray

level processing.

4. Extensive CAD-based data base, limited non-structured scene interpretation,

vision language, 3-D color.

5. Flexible scene interpretation, fully automatic knowledge acquisition and data

base updating.

Figure 4.1.3.2-2 Technology Forecast for Vision Systems
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1. Stand alone advisory systems, well-defined synthesis tasks performed in very

specialized problem domain.

2. Expert systems to reason about sequences of actions, ensure consis:ency of

knowledge over time, fault isolation using distributed expert systems.

3. Expert systems to reason about interactions among subsystems synchronization

of processes, reasoning about inconsistent information and data errors.

4. Expert systems utilizing fairly general models for reasoning and explanation,

5. Expert system processing Know what I know; meta knowledge. Permitting

graceful degradation near the boundary of system competency.

Figure 4.1.3.2-3 Technology Forecast for Knowledge Based Systems
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Highly specific and structured environment for planning

Monitoring plan execution and replanning on plan failure, planning under

uncertainty, reasoning about simple objects using geometric information

Reasoning of actions and of resource constraints so that scheduling systems

can be interfaced with automatic-planners.

Reasoning about 3-D spatial relationships, complex planning involving coordin-

ation of multiple automatic planner.

Reasoning about function and operation of complex physical mechanisms and

processes, reasoning by analogy, reasoning about continuous time.

Figure 4.1.3.2-4 Technology Forecast for Planning Systems
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Readine_ Scale
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198.S 1990 1995 2000 2005 2010

TIME ,_ YEARS

ROBOTIC T_:CEHOT.OGY C.3_=A.SiLI'_"

1. Teleoperation - remote manual manipulation, master/slave or joystick type hand

controller, dextrous electric servo manipulator, parallel jaw end effector, black &

white or color 2-D video.

2. Telepresence - remote manual control with sensory feedback, dextrous end

effector, force/torque sensors and force-reflecting feedback, tactiie sensors,

stereo, limited multi-arm control.

3. Low level supervisory control - remote manual manipulation augmented with

limited supervised automatic manipulation, sensor fusion, voice control of

auxiliary functions, computer enhanced displays, barcode vision, limited

subroutine generation.

4. High level supervisory control - supervised automatic manipulation augmented

with remote manual manipulation, extensive CAD-based database, limited

scene interpretation, limited planning, limited self mobility.

5. Autonomous - automatic manipulation with limited supervision, flexible scene

interpretation, high level planning functions.

Figure 4.1.3.2-5 Technology Forecast for Robotics Systems
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100 MFLOPS executing power, limited application distributed processing,

limited Ai application LISP, 1 Mbyte main memory. 1 Gbyte mass storage.

Limited application parallel processing, limited AI application PROLOG

language.

1 GFLOPS executing power, general application distributed processing,

100 Mbyte main memory, 100 Gbyte mass storage.

Large real time AI application, general application parallel processing.

100 GFLOPS executing power, multi-purpose large scale distributed processing

systems for general AI application.

Figure 4.1.3.2-6 Technology Forecast for Computing Systems
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Table 4.1.3.2-1

Predicted Technology Level 6 Availability Dates

EVA Inspector Robot

Technoloov Caoabilitv Level 6 Year

Speech 2.5 1991

Vision 4 1994

Knowledge-Based Syst. 3 1995

Planning 3 1995

Robotics 3 1992

Computing 2.5 1995

Turning to the next level of free flying robotics, the technology needs for the robotic

EVA crew assistant were examined. This robotic candidate would require a greater

level of tolerance to noise and stress in its speech technology than that needed for the

EVA inspector robot. Its vision needs for scene processing would be similar to the

EVA inspector but there would need to be more versatility in its sensing. The

knowledge-based system would utilize general models in order to accomplish retrieval

missions. A planning technology would be needed to reason about 3-D spatial

relationships and coordination between path and detail task planners. The robotic

technology would be characterized by a moderate level of supervisory control and the

portable computing technology would be moderately greater than that required for the

EVA inspector robot. Table 4.1.3.2-2 presents the level 6 technology predictions for
this candidate.
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Table 4.1.3.2-2

Predicted Technology Level 6 Availability Dates

Robotic EVA Crew Assistant

Speech 3 1992

Vision 4.5 1996

Knowledge-Based Syst. 4 1998

Planning 4 1998

Robotics 3.5 1994

Computing 3 1997

The Mobile-Intelligent-Dexterous Robot represents the evolution of free flyer robots to

the level where they could replace humans for physical tasks. The connected speech

technology required would be at the level of approximately 1000 words. The vision

requirements would reach the level of flexible scene interpretation and the knowledge-

based system technology would be required to utilize complexed models for

reasoning and explanation of the integrated manipulator and mobility task

environment. The planning technology would be moving toward complex planning of

physical mechanisms and processes. The robotic technology would be consistent

with high-level supervisory control evolving toward autonomous control. The

computing technology level was estimated to be that of a large real-time AI application

with general application of parallel processing. Table 4.1.3.2-3 presents the level 6

predictions.
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Table 4.1.3.2-3

Predicted Technology Level 6 Availability Dates

Mobile-Intelligent-Dexterous Robot

Technoloov Caoabilitv Level 6 Year

Speech 3.5 1993

Vision 5 1998

Knowledge-Based Syst. 4.5 2000

Planning 4.2 2000

Robotics 4 1996

Computing 4 2000

The mobile robots for EV maintenance and repair of a spinning Manned Mars Transit

Vehicle would require approximately the same level of technology as the Mobile-

Intelligent-Dexterous Robot candidates. One exception would be that the level of

robotics technology would be moving more toward autonomous systems because of

the need for more complex on-board control in response to the dynamics involved.

Table 4.1.3.2-4 shows the level 6 technology predictions.

Table 4.1.3.2-4

Predicted Technology Level 6 Availability Dates

EV Robot for Mars Spinner

Technology Caoabilitv

Speech

Vision

Knowledge-Based Syst.

Planning

Robotics

Computing

3.5

5

4.5

4

5

4

1993

1998

2000

2000

2002

2000
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For the attached robots a check of technology readiness dates for the teleoperated

space robot was conducted even though it had been decided that it was covered by

the FTS program. The speech technology requirement for this candidate was judged

to be minimal at approximately 200 words. The vision technology requirements were

judged to be for 3-D black and white sensing for telepresence feedback. The

knowledge-based system requirements would be minimal for well defined task

synthesis. The planning technology would be for a structured environment. The

robotic technology would be for telepresence feedback with some low level of

supervisory control. Computing would require a limited application of parallel

processing. Table 4.1.3.2-5 shows the predicted readiness dates for Level 6.

Table 4.1.3.2-5

Predicted Technology Level 6 Availability Dates

Teleoperated Space Robot

Technoloqy

Speech 1.5 1987

Vision 3.5 1992

Knowledge-Based Syst. 1 1987

Planning 1 1987

Robotics 2.5 1991

Computing 1.5 1991

The teleoperated fluid transfer and storage candidate would require more advanced

background technologies in two areas at most. These were judged to be in the vision

area where possibly color 3-D telepresence feedback could be needed and in robotics

where a more sophisticated level of tactile and force feedback sensing could be

needed. Table 4.1.3.2-6 presents the predictions for Level 6 technologies.
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Table 4.1.3.2-6

Predicted Technology Level 6 Availability Dates

Teleoperated Fluid Transfer and Storage

Technology

Speech 1.5 1987

Vision 4 1994

Knowledge-Based Syst. 1 1987

Planning 1 1987

Robotics 3 1993

Computing 1.5 1991

The teleoperated fluid transfer and storage candidate, because of the apparent

availability of the needed background technologies at an early date, will be a likely

candidate for add-on to the FTS program. It was therefore dropped from the

candidate list for this study.

The third attached robotics candidate was the thermal curvature control concept. The

speech, vision, planning, robotics, and computing technologies for this candidate

appeared to have few requirements beyond those for a state-of-the-art control system.

The knowledge-based system category was judged to need expert systems capability

to reason about sequences for the actuator responses to sensed thermal deflection

and to ensure consistency of knowledge over time. Table 4.1.3.2-7 lists the Level 6

technology predictions.
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Table 4.1.3.2-7

Predicted Technology Level 6 Availability Dates

Thermal Curvature Control

Technology Capability Level 6 Year

Speech 1 1985

Vision 1 1987

Knowledge-Based Syst. 2 1991

Planning 1 1987

Robotics 1 1985

Computing 1 1987

This candidate was judged to be a likely installation on an early version of the space

station if its function is believed to be needed. The candidate was therefore dropped

from the list for this study.

The final attached robotics candidate was the telerobotic repair of ORUs concept. This

telerobotic concept was considered to be sufficiently advanced beyond the FTS to be

a potential mission for space station A&R development. The technology levels needed

include connected speech at the level of 1000 or more words and vision sensors

which include holographic displays for telepresence feedback. Knowledge based

systems technology would be needed to support expert systems utilizing complex

models for reasoning and explanation. Planning would be in a highly specific and

structured environments. The robotics technology would include telepresence with

moderate levels of supervisory control. Computing would be extensive in support of

diagnostic interactions with the human operator and real time processing of

sophisticated telepresence feedback data. Table 4.1.3.2-8 shows the predictions for

level 6 availability dates.
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Table 4.1.3.2-8

Predicted Technology Level 6 Availability Dates

Telerobotic Repair of ORUs

Technology Caoabilitv

Speech 3 1992

Vision 5+ 2000

Knowledge-Based Syst. 4.5 2003

Planning 1 1987

Robotics 3.5 1994

Computing 4 2000

The lab module transfer robot candidate was examined to determine its technology

needs and availability dates. The speech technology needs were judged to be

minimal in the order of 200 connected words. Vision was estimated to require no more

than 2-D black and white with stereo barcode readers. Knowledge-based systems

and planning were needed for well defined task environments in a specialized

domain. Robotic technology and computing were also estimated to use currently

available capabilities for generally well defined pick and place type activities.

Because the background technology capability needed is generally available today a

table for this candidate is not presented.

For the fault predictor�analyzer�manager candidate speech technology needs were

assessed to be in the continuous speech with 1000 word capability range. The

candidate did not appear to have a vision technology need. As background

knowledge based system capability this candidate will need expert systems to reason

about the interaction between subsystems with inconsistent information and with data

errors. The candidate will require planning technology to interface between

scheduling and high level task planners. The candidate will not use robotic

technology and its computing needs include distributed processing with moderate use

of parallel computing and AI applications. Table 4.1.3.2-9 presents the predicted

availability dates for the background technologies needed for this candidate.
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Table 4.1.3.2-9

Predicted Technology Level 6 Availability Dates

Fault Predict/Analyzer/Manager

Technology Caoabilitv Level 6 Years

Speech 3 1992

Voice N/A -

Knowledge-Base Syst. 3.5 1996

Planning 3 1995

Robotics N/A -

Computing 3 1996

Because this candidate was considered to be an evolutionary pilot plant experiment,

the background technology capabilities needed could be less mature than would be

needed for a full up system.

Finally, the autonomous system manager candidate was examined to assess its

technology needs. Again this candidate for space station A&R missions was

considered to be an evolutionary pilot plant mission conducted over an extended

period of time. This allowed the mission to be considered for start up with a less

mature technology capability than would be needed for an operational deployment of

an autonomous manager. With that consideration in mind the technology categories

were reviewed. Speech technology needs would include a large vocabulary (say

5,000 to 10,000 words) with continuous speech capability. Again vision and robotics

are not applicable technologies. The knowledge-based systems would use expert

systems that utilize general models for reasoning, and the planning technology

background would include the use of coordinated multiple planners. The computing

needs would include real time AI application with significant parallel processing for the

comparative modeling needed for decision making. Table 4.1.3.2-10 shows the dates

estimated for the level 6 technology needs for this candidate.
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Table 4.1.3.2-10

Predicted Technology Level 6 Availability Dates

Autonomous System Manager

Technology Caoabilitv Level 6 Year

Speech 4 1995

Vision N/A

Knowledge-Based Syst. 4 1999

Planning 4 1998

Robotics N/A -

Computing 4 1999

As a result of the selection process the list of candidates that existed after grouping

reduced to that indicated by Table 4.1.3.2-11.

Table 4.1.3.2-11

Candidates To Be Considered For Mission Definition

• EVA Inspector Robot

• Robotic EVA Crew Assistant

• Mobile-Intelligent-Dexterous Robot

• Mobile Robots for EV Maintenance and Repair of a Spinning Manned Mars

Transit Vehicle

• Te!erobotic Repair of ORUs

• Fault Predictor/Analyzer/Manager

• Autonomous System Manager

4.2 Task 3: Mission Definition

This task was conducted to analyze the candidates listed in Table 4.1.3.2-11 in order

to define A&R development missions to be conducted by the space station and to

prioritize the missions defined. This task is the subject of a separate report document,

which is part of the output of this study (D180-30637-1) and the reader is referred to

that document for a detailed report on the task 3 results.
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4.3 Task 4: Space Station Test Bed Capabilityand Facility Description

Task 4 was conducted to identify characteristics of the capabilities and facilities

required from the space station program to support the four highest priority A&R

missions defined in task 3. The results of task 4 are also reported in a separate

document (Boeing D180-30639-1) that is part of the output of this study. Again the

reader is referred to the separate document for a discussion of the detailed results of

task 4.

4.4 Task 5: Identify IOC Space Station Hooks and Scars

This task was conducted to identify preparations that would be needed in the design of

the hardware (scars) and software (hooks) of the IOC space station in order to

accommodate the high-priority A&R development missions. The detailed results of this

task are reported in another separate document that is part of the output of this study

(D180-30638-1).

4.5 Task 6: University/Industry Review

As part of this basic study a panel of university/industry experts in automation and

robotics was convened to review the results developed. This 2-hour review was

conducted on September 17, 1987 after most of the analytical tasks for the study had

been completed. The review material was presented at the Boeing Computer

Services (BCS) Advanced Technology Center (ATC) in Bellevue, Washington to the

following panel:

Professor David Gifford, MIT

Professor H. T. Kung, CMU

Professor John McDermott, CMU

Professor Roger Nagel, Lehigh U.

The moderator during the discussions associated with the review was Mr. Ron

Hammond (BCS) and the chair of the panel was Dr. Ethan Scarl (BCS). Dr. Scarl was

also responsible for reporting on the review panel's comments. The following section

is based on Dr. Scarl's report.
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4.5.1 Review Results

While no quantitative ratings of the project were given, there appeared to be a

concensus among the review panel and the authors of this report that the project's

general approach was sound. It was felt, however, that a larger and more detailed

study should further define the criteria proposed here and their application to the

candidate lists, before hard commitments are made to specific missions.

Most of the comments and recommendations which follow were expressed by one or

more of the board members or report authors, and are directed toward some

significant refinement, extension, or new direction suggested for the option study.

Other comments, related to improvements in the form or clarity of the material

reviewed, have already been incorporated into the body of the report and will not be
reiterated here.

A number of important areas of development were excluded as not being part of the

basic A&R technology (control systems, navigation, or progress in dynamics and

kinematics) or related to specific component development or payload support (bio-

technology, manufacturing-specific applications, etc.). While it is proper to drop these

from the initial survey, it is recommended that they be pursued in future studies

motivated by specific experimental goals (e.g., in control systems and kinematics) and

with access to payload-specific information. The automation of biological,

manufacturing, or even military systems could suggest a number of suitable

candidates. A "Smart Front End" candidate, for example, could interface the space

station and its subsystems to a range of equipment types, rather than to the crew

members, and might have to contend with software languages and communications

protocols which are incompletely specified at mission design time. A robotic mission

might both prune plants and sort latex spheres, perhaps changing its own end

effectors and payload-specific software in between.

The size of this effort did not permit an exhaustive enumeration of mission candidates,

a detailed analysis of all selected candidate missions, nor even a full analysis of the

application of each criterion to each listed candidate. This is appropriate for a

preliminary study, but is is insufficient basis upon which to make irreversible decisions

regarding specific mission candidates. The dependency of each candidate mission

upon each of its core technologies needs to be incrementally determined, for example,
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as the mission becomes more sharply defined. Specific suggestions include looking

at mission subsumption relationships as subset relations among their detailed

objectives, which would require more sharply defined candidatesthan were available

in the inputs to the present study. Mission importance might be determined by looking

at how many potential applications it supports, the importance of those applications,

and its criticality to their success.

A systematic methodology probably does not exist for determining which technologies

will benefit most by the fielding of a given mission. Option study work will need to

explore alternative readiness criteria, however, which are likely to become clearer if a

wider range of scientific and commercial application areas is considered. For

example, a study with more resources could separate technologies which play

supportive roles for a mission from those which would benefit substantively from their

incorporation into mission. The next step would be to determine which sub-areas

benefit the most and when. A minor modification of criteria developed by the present

study would categorize missions according to whether (a) the mission will mature the

technology, (b) the mission will integrate nearly mature technologies into a useful

system, or (c) the mission will debug an assembled system and prove it space-worthy.

It is suggested that option study projects might minimally commit a full day for advisory

review, perhaps divided into a first session just after the approach has been defined

and a final session when a draft of the final report is available.

4.6 Task 7: Mission Requirements Data Base Entries

In order to present the descriptions of the high-priority missions for development of

A&R on the space Station in a format consistent with other space station experiments,

the standardized MRDB forms were prepared. The format of these entries is according

to JSC 30000 Section 5 with some slight modifications. The inputs to the forms

include a significant amount of estimation but an attempt was made to provide

reasonably complete entries. The MRDB entries are presented in a separate

document prepared as part of the output of this study. That document is Boeing D180-

30627-1 and the reader is directed to that publication for a formatted description of the

four highest priority missions defined by this basic study.
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FOREWORD

The basic Space Station Technology Development Mission Requirements Definition

Study for Advanced Automation and Robotics (Contract NAS9-17706) was initiated in

November of 1986 to be completed in November of 1987. The study was conducted

for the National Aeronautics and Space Administration's Johnson Space Center by

the Boeing Aerospace Company. The final report package consists of five documents:

D180-30636-1

D180-30637-1

D180-30638-1

D180-30639-1

D180-30627-1

Final Report

Mission Definition Report

Test Bed "Hooks and Scars" Report

Test Bed Capability/Facility Report

Mission Requirements Data Base Entry

Dr. Jon Erickson and Mr. Kenneth Crouse were the contracting officer's

representatives and technical monitors for the Johnson Space Center. The Boeing

study effort was managed by Dr. Douglas Dorrough and Mr. Robert Dennison with Mr.

Paul Meyer as the technical leader.
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1.0 SUMMARY

This document presents the results of the Automation & Robotics (A&R) mission

definition task for the basic study of Space Station Technology Development Mission

Requirement Definition for Advanced Automation and Robotics. The mission definition

task is designated as Task 3 of the study and has the general purpose of defining a set

of space station missions for advancing A&R technologies. In addition to defining and

describing a set of missions, an analysis was conducted to prioritize those missions

according to appropriate criteria developed as part of this task. Figure 1.0-1 shows the

relationships between Task 3 and the other tasks of the basic study.

The sections of this report present the task conclusions and recommendations as

Sections 2.0 and 3.0 and in the discussion of results under Section 4.0, detailed

mission descriptions, a discussion of some concerns associated with the missions and

a discussion of mission prioritization are presented.
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2.0 CONCLUSIONS

There are two general conclusions resulting from this mission definition task. The first

conclusion is that there are connections between the separate missions defined in this

task which suggest an overall space station A&R development program. The

connections between the missions are through the enabling technologies and

operational experiences which are developed through conduct of separate missions.

By scheduling the separate missions so that they are conducted in a programmed

manner the needed technologies and experiences could be developed in a sequence

which would best serve the.overall A&R development. One source of background

experience which would support missions defined in this task is the NASA Flight

Telerobotic Servicer (FTS) program. A part of the programmed scheduling of the A&R

missions would be to effectively integrate results of the FTS into the space station A&R

development sequence as those results become available. Figure 4.3-1 of this

document provides an illustration of a concept for an overall space station A&R

development program.

The second conclusion is based on the prioritization conducted as part of this task.

That prioritization indicated that there are three general paths in space station A&R

development. The highest priority path would be through pilot plants for automated

system managers. These pilot plants would demonstrate techniques and experience

which could be exhibited through the space station program to potential automation

users in industry or government agencies on Earth. The second priority path for A&R

experiments on space station would be to advance autonomous robotic mobility by

taking advantage of free flight in the zero gravity environment. Development of these

free flying mobile robots would drive many A&R technology advancements in areas

such as robotic obstacle avoidance and autonomous navigation. In addition the

continuation of the program into mobile-dexterous robots would provide an

experimental test bed for integrating manipulator technologies with mobility system

development. The third path is represented by the experiment to develop telerobotic

technology for the repair of faulty ORUs on orbit. This experiment would tax robotic

technology against the complex and varied task of remote diagnosis, disassmbly,

modification, reassembly and checkout for a number of complex and dissimilar

devices. This development was third Of the prioritized groups because it would

depend on significant advances by the FTS program in sensors, manipulators and

teleoperations techniques. The significance of the prioritization of development
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missions resulting from this task is that the large array of A&R applications presented

in the background documentation reviewed in Tasks 1 and 2 was focused to three

comprehensive A&R technology areas for space station development missions.

3.0 RECOMMENDATIONS

Based on the conclusions indicated in Section 2.0 it is recommended that the NASA

Space Station Program incorporate a comprehensive A&R development project into

its technology development mission planning using the mission prioritization and

sequencing developed by this study task.

4.0 DISCUSSION OF RESULTS

The mission analysis which produced the results for this task started with a list of

mission candidates which was generated as part of Tasks 1 and 2 of the study. That

list is presented as Table 4.1.3.2-11 of the Final Report Document (D180-30636-1) but

is repeated here for easy reference.

Table 4.0-1

Candidates for Space Station A&R Missions

• EVA Inspector Robot

• Robotic EVA Crew Assistant

• Mobile-Intelligent-Dexterous Robot

• Mobile Robots for EV Maintenance & Repair of a Spinning
Manned Mars Transit Vehicle

• Telerobotic Repair of ORUs

• Fault Predictor/Analyzer/Manager

• Autonomous System Manager
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4.1 Mission Descriptions

This report section provides a description of each of the candidates listed in Table 4.0-

1 which includes the description itself, the goals of the mission, and a suggested

schedule which is consistent with available background technology needs and is also

consistent with the evolution from one A&R development mission to another. Further,

the descriptions cover interfaces between the mission and the space station,

involvement of the crew with the mission, potential hazards of conducting the mission

on the space station, interactions between this mission and other A&R development

missions and finally uses that the space station may make of the results of the mission.

4.1.1 EVA Inspector Robot Mission Description

This mission demonstrates mobility operations of an extra vehicular robot in close

proximity to the space station. Initial operations are attended by EVA astronauts

guiding the robot through its navigational way points. Subsequent operations will be

largely autonomous with instructions for the robot's tour being given before it is

deployed by an IVA astronaut using voice and graphics supervisory instructions to the

robot. Operations will include deployment, autonomous navigation to a predesignated

target, obstacle avoidance and automatic approach and docking to its external

berthing station. The robot will eventually be tasked to carry its camera to designated
sites and to record video at those sites.

4.1.1.1 Goals

To demonstrate safe and reliable robot mobility in close proximity to the space station

(by analogy to other large space vehicles). To demonstrate operation of such a

mobility robot using largely supervisory instructions before it is deployed and

autonomous mobility thereafter on its tour.

4.1.1.2 Mission Schedule

Based on the space station becoming operational in 1997 and the availability of

enabling technologies this mission would be scheduled to occur between late 1997

and late 1999.



D180-30637-1

4.1.1.3 Space Station Interfaces

• Docking facility for EVA Inspector Robot

• Navigational way points

• Expendables for robot (storage & supply)

• Control station inside space station

• Data and communication interfaces

4.1.1..4 Crew Involvement

Set-up will require both EVA and IVA crew time. Estimate set-up will require about 12

hours of EVA sorties with two astronauts and will require about 36 hours of IVA crew

time. Operations initially will be conducted with EVA astronauts guiding the robot.

Estimate three sorties of 6 hours each with two astronauts on EVA and one IVA

astronaut. Each autonomous robot operation will require about 1 hour of IVA time for

instructions to the robot and an hour of evaluation time. Estimate two to three

operational sessions per month for two years.

4.1.1.5 Hazards

The EV robot operating in near proximity to the space station presents a potential

collision hazard. The reaction jet plumes could also cause damage to parts of the

space station (see Section 4.2 for discussion of this hazard). EVA astronauts working

during the early operational sessions are at some risk from collision with the robot.

4.1.1.6 Interactions With Other A&R Development Missions

This is an initial A&R development mission and therefore does not depend on the

completion of another mission. Results of this mission feed into the robotic EVA crew

assistant mission and into the Mobile-Intelligent-Dexterous Robot Mission.

4.1.1.7 Space Station Uses Of This Mission

The camera carrying capability of the EVA inspector robot could be employed to

reduce EVA time for astronaut's by providing inspection capability before or instead of

EVA sorties.
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4.1.2 Robotic EVA Crew Assistant Mission Description

Operate an EV robot in proximity of space station along with EVA astronauts. The
robot would be controlled by voice commands from the EVA astronaut and would

execute such functions as deploy; move forward, back, right, left, up and down; return

to base, dock, return to current site from base, grasp, and release grasp. Advanced
testing in this mission would deploy the robot to retrieve an object let loose from the
station.

4.1.2.1 Goals

To demonstrate cooperative operations of a simple EV robot working along with EVA

astronauts. To demonstrate the use of voice commands from an EVA astronaut to

control the functions of a helper EV robot. To develop procedures for such cooperative

operations. To demonstrate retrieval robot operation by rendezvous with and recovery

of an object from space near the station.

4.1.2.2 Mission Schedule

Assuming operational space station in 1997 as well as available enabling technology

before this time, this mission would schedule from mid 1999 to mid year 2000.

Approximately 1 full year of mission operational time.

4.1.2.3 Space Station Interfaces

This mission has the same interfaces as the EVA inspector robot mission with

additional facilities for communication relay between EVA astronauts and robot.

4.1.2.4 Crew Involvement

Two EVA astronaut's would be used for each operational EVA sortie of the mission.

Estimate an average of 2 sorties per month each of 4 hours duration. The mission

would use approximately 1 hour of IVA time for each hour of operational EVA.
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4.1.2.5 Hazards

The EV robot operating in near proximity to space station and to EVA astronauts

presents a potential hazard for collisions. Failure of the EV robot could overtax the

EVA astronauts in performing corrective operations. EV robot reaction jet plume

impingement on the space station or. EVA astronaut could be a hazard (see Section

4.2).

4.1.2.6 Interactions With Other A&R Development Missions

This mission would follow the initial demonstration of the EVA inspector robot mission

in order that basic external robot operations could be proven before extending to voice

control by an EVA astronaut.

4.1.2.7 Space Station Uses Of This Mission

Satisfactory demonstration of this technology would produce a tool that could provide

assistance to astronaut on EVA for space station maintenance, repair and construction

functions and could represent a safety enhancement as an EV retriever robot.

4.1.3 Mobile-Intelligent-Dexterous Robot Mission

This mission is to demonstrate operation of a mobile free flying space robot with

manipulator capability. The mission would be an outgrowth of the EVA inspector robot

mission and the manipulator technology of the Flight Telerobotic Servicer (FTS)

program and would be intended to evolve from a robot which performs simple mobility

with grasp/release type manipulation capability to a near autonomous manipulator

robot with mobility. The robot will operate near the space station during this

experiment and will navigate in a largely autonomous mode in response to

voice/graphics supervisory commands from on-board astronauts. Manipulation

functions will be teleoperated and may incorporate autonomous task segments as the

capability develops. As a phase of this mission a version of the mobile-intelligent-

dexterous robot will be demonstrated for tasks inside of the space station modules.
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4.1.3.1 Goals

The goals of this mission are to advance the capability of autonomous robots to

include a combination of mobility and manipulation functions in the same system. The

mission will be intended to demonstrate that the robot can perform its functions safely

and that crew attention during its operation can become minimal.

4.1.3.2 Mission Schedule

Assuming that FTS program is mature and the EVA inspector robot mission is

complete by the year 2000 this mission could start early in that year and because of its

evolutionary nature with complex technologies it is anticipated that this mission would

last three years.

4.1.3.3 Space Station Interfaces

• upgraded attachment/berthing fixture for external robot

• grapping fixtures on exterior of space station at work sites

• upgraded supervisory control work station and berth unit for IV phase

inside space station

• upgraded DMS and communication interfaces

4.1.3.4 Crew Involvement

EVA will be needed for set up, reconfiguration and tear down of the EV phase

(estimate two 6 hour sorties for set up and tear down and that reconfigurations will

need at least four 6 hour sorties over the mission). Each operational session of the

experiment will require 6 hours of IVA for instructing and teleoperating the robot and

evaluating the performance. Estimate two to three operational sessions per month

over the three year period for the EV and IV phases of the mission. Estimate that EV

phase maintenance and repair will require about 4 IVA hours each month and 1/4 of

an EVA sortie every month. The IV phase will use similar levels of crew activity but no

EVA will be involved.
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4.1.3.5 Hazards

All of the hazards of the EVA inspector robot plus hazards of having manipulators

which could cause collisions while operating from a free flying robot or while the robot

performs tasks in confined work sites.

4.1.3.6 Interactions With Other A&R Development Missions

This mission depends on the successful completion of the EVA inspector robot mission

and substantial progress with the FTS. program. The successful demonstration of the

capabilities associated with this mission will be background for the mission to develop

an EV robot operating near a large spinning vehicle.

4.1.3.7 Space Station Uses Of This Mission

This robotic capability would provide a replacement for a large number of human EVA

for maintenance, servicing and repair of the exterior facilities of the space station and

for certain hazardous or caddy type functions to relieve IVA astronauts.

4.1.4 Description of Mission For EV Robots Operating Near Large Spinning

Spacecraft

Construct a spinning vehicle either on an appendage of the space station or flying in

close formation with the space station. Deploy an EV robot from a berth on the spinner

and maneuver it in near proximity to the spinner to a docking port at another location

on the spinning spoke of the parent vehicle and dock, redeploy, etc. Conduct

operations with a high level of robot autonomy using moderate supervisory control.

Incorporate simple manipulation function into experiment to evaluate effect of forces of

the spinner on the operations.

4.1.4.1 Goals

To develop and demonstrate techniques and processes for autonomous mobility

operations of an EV robot in near proximity to a large spinning parent space vehicle

and evaluate manipulation functions.
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4.1.4.2 Mission Schedule

Based on space station becoming operational in 1997 this mission would schedule to

start after the year 2003.

4.1.4.3 Space Station Interfaces

The spinning vehicle simulation would be a major addition to the space station infra-

structure. The EV robot system would be essentially that used for the Mobile-

Intelligent-Dexterous Robot experiment.

4.1.4.4 Crew Involvement

Major EVA would be required to construct the spinning vehicle simulator attached to

the space station or deployed as a co-orbiting free flier. (Estimate 5 EVA days - 6

hours per day for each of 2 EVA astronauts.) The same time would be required for tear

down. Operational time would be IVA for observation of the operation and for

instruction of the robot estimate 4 hours per session - 2 ses,sions per month for 2 years.

EVA support for operations would support maintenance and reconfigurations involving

approximately one sortie every month.

4.1.4.5 Hazards

The spinning vehicle simulator could sustain damage from collisions with the EV robot

or the robot could be damaged. Significant EVA is involved with set up and tear down

and EVA represents an increased crew hazard.

4.1.4.6 Interactions With Other A&R Development Missions

This mission is an extension of the Mobile-Intelligent-Dexterous robot mission and

depends on successful concept demonstration of that prior mission before this mission

can start. The results of this mission would be beneficial to development of Manned-

Mars-Mission concepts.
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4.1.4.7 Space Station Uses of Mission

Except possibly-for satellite servicing it is not likely that this would produce a use for
the space station. However, it would support deep space manned mission
development.

4.1.5 Telerobotic Repair of ORUs Mission Description

This mission demonstrates the in-space operation of a highly versatile teleoperated
robot to allow on-orbit disassembly, diagnosis, repair, reassembly and checkout of

ORUs. The ORU removal would by accomplished by another method and the unit to

be repaired would be mounted (probably by an IVA astronaut) in a repair station

fixture. The fixture holding the ORU wouldbe part of the installation for this experiment
which would include the robot, its tools and support diagnostic equipment. Because of

the variety and potential complexity of the robotic tasks the process will be

teleoperated by a human at a workstation on Earth. Earth based computing with AI
fault diagnostic capability would be used to support the human in an interactive mode.

The experiment would be conducted with the robot in space using a representative set
of test article ORUs for the repair tasks.

4.1.5.1 Goals

To develop the manipulation features of a space robot so that advancements in

manipulators, end effectors, force and tactile feedback and vision systems may be
examined against complexed and varied tasks at a space borne test bed. In addition

this experiment would be conducted to evaluate telerobotics operations and interfaces
to remotely perform the complex and variable tasks.

4.1.5.2 Mission Schedule

Assuming operational status for the space station 1997 and FTS deployment within

the first year of the space station this extension of FTS into a complex experimental
program would schedule to start after the year 2003 when advanced sensing
technology is assumed to be available and would continue for approximately two
years.
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4.1.5.3 Space Station Interfaces

This mission would include the installation of an ORU robotic repair station inside of a

module of the space station. The repair station would require access by human

astronauts so that ORU's to be repaired could be mounted into the fixtures and also

removed after the repair. Space station communication links to Earth would be heavily

loaded during the times when teleoperation of the robot was occurring.

4.1.5.4 Crew Involvement

The IVA crew would be required to set up the experimental repair station (estimate 3

shifts with 1.5 astronauts - 36 man hours) and tear it down (estimate the same

requirement). For operations the on-orbit crew would be required to install and

remove the test article ORU (estimate one IVA hour). Operations are assumed to be

every two weeks over the major part of the two year mission. Maintenance and

calibration of the repair station unit is estimated to require 1 IVA hour per month. The

major part of the human support of this mission would be on the ground where the

intensive teleoperations and performance evaluations functions would be performed.

4.1.5.5 Hazards

The hazards with this mission appear to be minimal with the robot operations

occurring in the confined repair station. Any collisions would present hazards to the

experimental unit and test articles but not the overall space station.

4.1.5.6 Interactions With Other A&R Development Missions

The use of AI fault diagnosis capability in support of the ground based operator could

benefit from experience gained during the Fault Predictor/Analyzer/Manager mission.

Significant progress in the FTS program would be a prerequisite for this mission.

4.1.5.7 Space Station Uses Of Mission

The question of whether the function performed by an on-orbit ORU repair robot would

be beneficial to the space station depends for its answer on the economics of resupply

logistics. If the resupply of complete ORUs from Earth and return of faulty units to Earth

13
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for repair is determined to be more costly than the expense of teleoperating the on-

orbit repair robot, this mission would be beneficial to the space station.

4.1.6 Fault Predictor/Analyzer/Manager Mission Description

This mission would be initiated as an off-line monitor function which records sensed

data on the space station systems and compares those sensed data against data in a

pre-constructed data base for the prediction of faults. The fault prediction data would

be modified based on the sensed faults. AI software could be employed in that

process as well as in the fault management processes which would include

adjustment of maintenance and component replacement schedules based on the fault

experience to reduce actual failures and improve spare parts utilization and the

selection of alternate functions to replace a failed process. After the off-line

experiment has demonstrated improvement in reliability for selected non-critical

subsystems, the mission would be terminated in favor of an operational application.

4.1.6.1 Goals

The goals of this mission are to demonstrate in the space station environment in a

non-interference manner that data processing and AI technology can reduce the

occurrence of faults, reduce the impact of faults on system operation, and improve the

utilization of spare parts and crew maintenance time.

4.1.6.2 Mission Schedule

This mission could be initiated immediately after the space station becomes

operational if the background level of technologies are available and that timing would

produce a mission schedule from 1997 to the end of 1998 if the station is operational

in 1997.

4.1.6.3 Space Station Interfaces

Sensors to detect fault indicating conditions will be attached to the selected

subsystem(s). Crew inputs on faults will be used in some cases and that would be on

a non interference basis with DMS input station. DMS usage will be scheduled for the

data processing required on-board including AI programs.
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4.1.6.4 Crew Involvement

IVA crew set up time will be required to attach fault recording sensors and to load the
Fault Predictor/Analyzer/Manager software into the space station DMS. IVA crew time
will also be required to input fault detections into the experiment control terminal and
to evaluate the performance of the fault predictor/analyzer/management demonstrator.

(Estimate 32 IVA hours for set up and about 15 IVA minutes per day for operation of
the mission.) No EVA is anticipated.

4.1.6.5 Hazards

The only hazard of this mission would be an intrusion of this experiment into the
operation of the space station subsystemsor the space station DMS.

4.1.6.6 Interactions With Other A&R DevelopmentMissions

This A&R mission would produce experience and techniques which would be

expandable into the autonomous system manager mission and the telerobotic repair
of ORUs experiment.

4.1.6.7 Space Station Uses Of This Mission

Successful demonstration of the AI technology by this mission would provide a tool
which could be used on the space station to reduce the impact of failures and which

would improve the utilization of replacement parts and crew maintenance time.

4.1.7 Autonomous System Manager Mission Description

This experimental mission will expand on the Fault Predictor/Analyzer/Manager

process by adding detection and analysis functions for resource usage, inventory
control, schedule planning, configuration planning and other functions which would

cover a wider range of systems interface management. The basic processes would be
similar to those for the fault�predictor�analyzer�manager in that sensing would be
compared in data processing with a pre-constructed data base on the anticipated

sensed information. The analyzer would modify the pre-constructed data based on
trends established from the sensed information. These modified predictors would be
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used to produce control outputs to manage the resources, inventory and other

functions to improve the overall operation of the interacting systems.

4.1;7.1 Goals

The goal of this mission is to demonstrate that space station system interactions can

be coordinated by using AI decision making and advanced sensor fusion techniques.

It will be a measure of the success of this mission if a reduction of system conflicts can

be shown without significant increase in processing complexity or loss of overall

system reliability

4.1.7.2 Mission Schedule

This mission will be initiated after the Fault Predictor/Analyzer/Manager concept has

been demonstrated. This would produce a schedule for this mission starting in the

year 1999 and lasting 3 years thereafter as the process evolves.

4.1.7.3 Space Station Interfaces

This mission will interface with the space station where sensors will be attached to

selected space station systems. The data processing associated with this A&R

mission will be accomplished using the space station DMS. The selected systems will

be those which do not have critical functions on the space station (e.g. experimental

systems).

4.1.7.4 Crew Involvement

Crew involvement will be IVA for set up of sensors on selected systems and for loading

the processing functions into the space station DMS. During the operation of the

experiments the crew will augment sensing by inputting system management

information at a space station DMS terminal and will be involved in evaluating the

performance on the concepts of being demonstrated. (Estimate 44 hours set up and

15 minutes per day for operations.)
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4.1.7.5 Hazards

The hazards of this mission would be the threat of intrusion of this manager/controller
into the normal functions of space stationsystem and into the space station DMS.

4.1.7.6 Interactions With Other A&R Development Missions

This mission will follow the Fault Predictor/Analyzer/Manager mission and will expand
on experience gained in the former demonstration.
4.1.7.7 Space Station Uses Of This Mission

Once this concept has been successfully demonstrated the function performed could
be further integrated into the space station to manage and control interactions

between most of the space station systems. This would produce smoother operation
of the station and reduce crew work load.

4.2 Mission Definition Issues

The following paragraphs present a discussion of several significant issues related to

the use of free flying space robots such as those suggested for four of the A&R
missions described in the previous section.

4.2.1 Space Robot Position And Attitude Errors

Free flying space vehicles accumulate state vector error as they perform their
missions. State vector error is the three dimensional difference between the

commanded and actual vehicle location and body attitude measured in position,
velocity, and acceleration. This subsection presents a high level discussion of the

sources of these errors, error implications, and some of the impact on space robotic
vehicles.

4.2.1.1 Error Partitioning

Space system state vector errors are often partitioned into three components:

guidance, navigation, and control errors. The following discussion defines typical
space vehicle error partitions.

17



D180-30637-1

Navigation Errors: Navigation errors are those differences between the navigation

state (what the avionics thinks the system state is) and the actual vehicle state. For this

discussion all activities that collect sensor data and reduce it into an estimate of the

current vehicle state, including position, velocity, attitude, and so on, have been

included in the navigation task. The navigation system errors are caused by

measurement errors in the translational and rotational sensing devices, by errors

induced by engineering approximation and numerical computation in the navigation

algorithms, and by errors in the navigation state vector itself. The navigation errors are

typically the largest contributors to total system state error.

Guidance Errors: Guidance errors are those differences between the navigation state

vector (where the onboard avionics thinks the system is), and the desired state vector.

The guidance state is often thought of as the commanded vehicle state, where, for this

discussion, all the activities associated with determining a path from the current

vehicle state to it's destination have included in the guidance task. Guidance errors

are typically caused by errors in engineering approximation and numerical

computation.

Control Errors: Control errors are those differences between the navigation state

vector and the guidance (commanded) state vector. The control system cannot move

the vehicle exactly to its commanded state because of approximation and numerical

computation error in the control algorithms, and because of imprecise vehicle
translation and attitude control hardware.

4.2.1.2 Error Contributors

4.2.1.2.1 Sensor Accuracy

Data must be collected by autonomous robotic vehicle sensors to determine body

accelerations and rates, and to measure angles and ranges to other vehicles in

proximity to the vehicle. Sensor measurement errors can contribute significantly to

vehicle positioning error. These errors are discussed more completely in the

navigation error section.
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4.2.1.2.2 Computational Accuracy

Computational accuracy is one source of the total system error for the guidance,

navigational, and control systems. The onboard computer rounds and truncates

during floating point operations, and there are typically a very large number of these

computations performed during even a short duration mission. These .errors can

sometimes be reduced by increasing the precision of the computations, but only at the

expense of computer run time. The tradeoff between precise and fast calculation

quickly becomes an engineering issue.

4.2.1.2.3 World Modeling Accuracy

Often a major and sometimes uncontrollable error source for the guidance, navigation,

and control systems are the limits on the accuracy with which the physical world can

be modeled. World modeling is inaccurate simply because the physical world (gravity,

aero-performance, friction, body dynamics, and so on) is sometimes very difficult to

model.

4.2.1.2.4 Engineering Approximation

When computational resources are at a premium, sacrifices are often made in

precision to speed up the algorithms. These sacrifices come in the form of decreased

numerical precision, exact solution approximation, or world model simplification. On

occasion, orders of magnitude computer throughput increases are possible if sub-

optimal and/or approximate solutions are acceptable. The required solution accuracy

must be determined in advance to take full advantage of these approaches.

4.2.1.3 Navigation Precision

Free flying space vehicle navigation system hardware will typically include an inertial

navigation set (INS) containing gyroscopes for measuring vehicle rotation rate, and

accelerometers for measuring vehicle acceleration. Hardware for planet or star

position sensors may also be included to recalibrate and realign the navigation

attitude estimates. More complex vehicles may also include imaging and ranging

sensors for proximity operations such as waypoint navigation, line of sight navigation,

rendezvous and docking, and others. Since autonomous state vector determination
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using INS and star sensing hardware will directly impact the space robot host vehicle,

this discussion will be primarily concerned with that phase of navigation.

4.2.1.3.1 Inertial Navigation Set Calibration, Alignment, and Initialization

The first order of business for accurate navigation system performance is to calibrate
and align the onboard hardware. Accelerometer and gyroscope hardware tends to

drift over time, and from time to time the sensors must be recalibrated to accurately
measure vehicle acceleration and rotation. Further, physical INS mounting in the

vehicle is not perfect, and the mounting misalignments must be measured and
removed. The INS might need to be shock mounted to provide low pass acceleration
filtering and reduce vibration to extend the life of the unit. Unfortunately, shock mounts

can distort over time from material fatigue or breakdown, causing further misalignment.

Earth based calibration and alignment is not a particularly difficult task because the
earth gravity field'provides known acceleration for accelerometer calibration and INS

alignment, and earth rotation provides known rotation inputs for gyroscope calibration.
But calibration and alignment becomes extremely difficult in space where these well
known accelerations and rotations are not available. The space based vehicle must

depend on extravehicular resources to align and calibrate the instruments.

The INS must also be initialized to the current estimate of the navigation state. This

can be accomplished through precise mechanical and perhaps optical coupling

between the robotic vehicle and a host vehicle providing the reference position and

attitude information. Using this coupling the host can inform the robotic vehicle of its

current state vector. Other methods can be used to update the navigation position and

attitude estimates. The robotic vehicle can be tracked from the ground and from other

space vehicles to determine its exact orbital parameters, and the navigation state can

be updated from that information. External positioning signals from positioning

satellites such as the global positioning system (GPS) can be used to determine the

robot position. GPS has also been proposed for attitude determination. Robot attitude

estimates can be generated from star or planet sensors and predefined maneuvers

used to reduce the error in the attitude estimates.
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4.2.1.3.2 State Estimation Errors

There are other sources of error that are not readily apparent at first glance. One

important aspect of navigation initialization is that the navigation estimates of the

vehicle position and attitude are used to compute inertial space acceleration. The

navigation attitude is used to compute the transformation from body sensed

acceleration to inertial space acceleration. The position estimate is used to determine

gravity accelerations from the earth and other celestial bodies. Thus as the navigation

error grows, accurate computation becomes more and more difficult.

4.2.1.3.3 Vehicle Mass Properties Uncertainties

Another source of error can be caused by inexact knowledge of the vehicle mass

properties, that is, the vehicle weight, center of gravity, and moments and products of

inertia. This problem is increased when robots with manipulator arms are considered

where the configuration can be difficult from mission to mission. When the INS is not

located at the exact vehicle center of gravity, there are cross coupling between vehicle

translation and rotation sensors during maneuvers. For example, as the vehicle

rotates, it rotates about the vehicle center of gravity. If the INS is not on the vehicle

center of gravity then the centrifugal force generated by the maneuver will be sensed

as a body acceleration. That acceleration measurement must be removed by the

navigation software, but to remove it the vehicle center of gravity and INS locations

must be accurately known. Accurate mass property data is very difficult, and

sometimes impossible to acquire.

4.2.1.3.4 Mechanical Sensor Errors

Navigation sensors present unique measurement challenges. The sensors are

mechanical devices that are effected by forces such as static friction, kinetic friction,

normal and centrifugal forces caused by vehicle maneuvering, and so on. The details

of the navigation sensor hardware errors can be quite complex, and accurate models

often have ten or more error terms. Since the errors in these mechanical systems are

effected by vehicle maneuvering, mission maneuvers are sometimes planned to

reduce the error buildup by "unwinding" the accumulated errors using symmetric

vehicle maneuvers.

21
D



D180-30637-1

4.2.1.3.5 Sensor Data Processing

Navigation sensor data processing also involves some interesting problem areas. For

exa;mple, the sensors typically digitize analog input data for accurate data

transmission. The sampling rates of the sensors themselves may not exceed the

Nyquist rate for some of the higher frequency body dynamics and can result in

frequency folding in subsequent signal processing. Digitized sensor information is

reconverted to an analog floating point representation in the navigation computer, and

is typically smoothed by a low pass digital filter to simplify navigation state integration.

Simple digital filter processing can be done in short periods of time, but the simple

filters can have trouble accurately reconstructing the analog information. More

complex digital filters require more run time.

4.2.1.3.6 State Vector Integration

Navigation state vector integration also can be a source of error. If the integration step

size is small, the complexity of the integrator is sometimes reduced to reduce

processing time. Small step sizes also can lead to the accumulation of rounding

errors. Larger integration step sizes require a more complex numerical integrator but

reduce rounding errors to a minimum.

4.2.1.4 Guidance Precision

A unique feature of guidance systems is that there are typically no sensors directly

providing data to the system. Sensor data are usually processed by a navigation

system which supplies the estimate of the current vehicle state of the guidance system.

The guidance system passes its solutions to the control system for vehicle control. It is

the guidance system's job to determine how satisfy the mission goals without violation

constraints while at the same time perhaps optimizing some performance index.

Examples of autonomous vehicle guidance activities include: following a pre-planned

path using a controller such as a linear quadratic regulator; flight time route generation

using waypoints and an A* search; or overall trajectory generation from the current

vehicle location to the destination location using an optimizing boundary value

problem solver. Depending on the applications, one or several of these and other

approaches will be used to determine how to arrive at the destination given the initial

vehicle state and vehicle control dynamics.
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Generally, the precision of the guidance computations can be as accurate as the

engineering approximations made in the computations. The computations using these
models are usually quite accurate, and the majority of-the guidance error comes from

the inaccuracies in the world models. Momentum wheels do offer precise attitude

control capabilities. These effectors use a rotating mass and generate torque by either
accelerating or decelerating the mass, or by using inertia coupling provided by

gyroscopic devices. Usually the goal of very precise attitude control is to attain near
zero body rates for accurate sensor pointing.

4.2.1.5 Control Precision

Vehicle position and attitude control error sources include those induced by the
onboard avionics software, and those induced by the onboard force generators.
Avionics errors are caused by the numeric precision and engineering approximation
similar to those in the navigation and guidance systems as discussed above. But

problems are sometimes caused by the control affectors, the force generators in the

system. Affectors include liquid and solid rocket motors, and momentum wheels. The

rocket motors can be used for both force and torque generation, whereas the

momentum wheels can only generate torque.

Rocket motor used for translational force generation are imprecise because the

performance of the motor cannot be accurately predicted and therefore it is difficult to

deliver just the right amount of required force. For large position or velocity change

maneuvers, the difficulty with liquid motors comes from being able to turn off the motor

at a time such that the main burn velocity change, together with the motor outgassing

velocity change, deliver the required total velocity change. Solid motor burn duration

is not controllable at all, so the burn dispersions must be trimmed out using smaller,

more controllable supplemental rocket burns.

Extremely accurate vehicle translation and rotation position and velocity control using

rocket motors is a very difficult task. This is because precise force switching and small

force pulse generation is difficult with rocket motors. Typically there is a tradeoff

between using large rocket motors for good vehicle attitude control authority, and

using small rocket motors for precise attitude control. And usually the system designer

wants both, so control precision is sacrificed for sufficient control authority. Further, the

prediction of the force that will be delivered by a rocket motor by the control system is
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in itself difficult. The motors perform at different efficiency at different temperatures,

and during different phases of the burn. So accurate prediction of things such as

motor startup, blowdo.wn, outgassing, thermal characteristics, and so on become

nontrivial modeling problems.

Liquid motor force delivery iscontrolled by regulating the fuel flow to the motor. Motors

have minimum and maximum acceptable fuel flow rates, and the minimum rate

determines the minimum force that can continuously be delivered by the motor. The

minimum force deliverable by the motor is thus determined by this minimum

deliverable force, and the minimum time the fuel flow can be switched on. Minimum

fuel flow switching time is usually on the order of a few milliseconds, but in a few

milliseconds even a small rocket motor can deliver too much force for very precise

control. In short, it is very difficult to precisely control vehicle position and attitude

using rocket motors, and unfortunately, rocket motors are the only translation control

devices available.

4.2.1.6 Mission Performance

So what does all this error discussion have to do with robotic mission performance?

Consider the three main mission phases: flight to the destination object such as task

site to be serviced; operations in proximity to the destination object; and return to the

robotic vehicle base.

Traveling to the object to be serviced may require an inertial guided transfer as the

destination object may be outside sensor acquisition range. If that is the case, the

navigation, guidance, and control errors become important because the robotic

vehicle must know where it is, and be able to control onboard sensor pointing

accurately enough to acquire the destination object. If position and attitude errors

grow too large, sensor acquisition may be impossible.

Once in proximity of the destination, onboard sensors can be used for local route

planning and obstacle avoidance, although part of the proximity operations task may

include motion about known waypoints using prestored object coordinates. Accurate

navigation will be required for these types of operations. One thing to note is that the

proximity operations will often require substantial maneuvering on the part of the

robotic vehicle, which will tend to increase the navigation system error. The serviced
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vehicle will probably not have capability of updating the robotic vehicle navigation
state, so tracking and star or planet scanning maneuvers may have to be employed to
update the navigation state if the errorsbecome too large.

A significant problem caused by proximity operations navigation error buildup is it

increases the initial error for the robot's return flight, and the robotic vehicle may have
difficulty acquiring it's base vehicle with it's onboard sensors. Base vehicle beacons
or tracking and telemetry control may be required to direct the robotic vehicle for some

missions.

4.2.2 Rocket Engines and Plume Impingement

To maintain precise position and attitude control of a free-flying space robot in the

proximity of other vehicles, and to maintain an acceptable force and contamination

environment for those (other) vehicles, one must address the particularly difficult

problem of plume impingement. When a thruster is used to generate force and torque

to change the dynamic state of the robot, a plume of exhaust gas is generated that

expands outward in all directions into the micro-atmospheric environment of space.

That plume causes two problems: the first is the forces and torques imparted to the

robot and to obstacles by the plume and the second is the contamination of the

obstacle by the plume.

4.2.2.1 Plume Energy Transfer

When a robot is maneuvering in free space with no extra-vehicle obstacles for the

plume to impinge on, one must only consider the forces generated by the plume

impinging on the robotic vehicle itself. In some cases plume impingement may

generate larger body forces and/or torques in a particular axis than the direct thruster

forces do. Neglecting or oversimplifying plume effects can dramatically effect the

performance (or non-performance) of an otherwise accurate control system. Attaining

sufficient plume effects estimation accuracy involves calculating the force magnitude

and direction imparted by the plume on every surface exposed to it, and summing the

resultant forces and torques to determine overall body effects. Accurate vehicle

configuration and plume propagation models are required.
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For proximity and docking operations, the problem becomes even more difficult

because energy is also transferred to the [other] vehicle by the plume. If the [other]

vehicle has low mass, large surfaces exposed to the plume, or long moment arms

associated with impingement surfaces, then the dynamics of the [other] vehicle can be

substantially effected by robot control efforts. Under these conditions it is necessary to

predict the effects on the [other] vehicle by the energy transferred in the plume, and to

determine the resultant change in vehicle state so the robot can predict the effects of

control efforts on its state relative to the [other] vehicle. In some cases the exact

kinematic and structural configuration of the [other] vehicle will not be known prior to

robot proximity operations, and a predictive model of plume effects on the kinematics

of the [other] vehicle must be generated at encounter time using a robot control

command history, plume propagation models, and sensor feedback loops. A second

order plume effect is that the [other] vehicle will change the nominal plume field

around the robot and will change the robot's response to its own thruster activity. All

these effects should be explored more thoroughly as they may significantly change the

robot control dynamics.

For the satellite servicing, any change to the dynamic or orbital state of the vehicle

being serviced may be undesirable. The best option in that case is to direct the plume

so it does not disturb those vehicles. Of course that option is greatly restricted when

the goal is to attach the robot to the vehicle for servicing. During attachment the

energy differential between the vehicles is shared either in a plume impingement

energy transfer caused by a retrograde burn used to soften docking impact, or by a

mechanical transfer through the docking appendages. Either way the state of the

serviced vehicle is effected. To minimize energy transfer to the satellite, docking

maneuvers will probably become an exact manipulation of orbital dynamics, with strict

attention paid to the forces generated by the plume or mechanical attachments to the

satellite.

There are alternatives to thrusters for robot attitude control. One alternative are

reaction control wheels. Control systems based on these spinning wheel attitude

controllers can be very precise and have none of the force or environmental

contamination problems associated with thrusters. Note that this alternative will not

solve the problems with maneuvering a robotic servicer for attachment to a spinning or

tumbling satellite.
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4.2.2.2 Plume Environmental Contamination

Generally the space robot will be designed to withstand contamination by its own

plume, although there may be some vehicle components (such as sensors) that are

sensitive to any contamination. The primary concern will be contamination of [other]

vehicles coming in contact with robot's the plume field as it carries on its activities.

Avoiding such contamination will require careful robot path and control activity

planning. This planning must be supported by accurate estimation of the dynamic

state of the [other] vehicles moving within the plume field of the robot at all times along

its planned path. These issues will substantially affect the robotic route planning and

activity scheduling activities.

4.3 Defining An A&R Development Program For Space Station

The separate A&R development missions described in paragraph 4.1 not only result in

individual demonstrations of A&R concepts but in some cases provide stepping stone

missions which are necessary for other missions to proceed.

Examination of the connections between the missions shows that the Flight

Telerobotic Servicer (FTS) program and two missions identified in this study are seed

missions for the others. The two missions from this study that lead to others are the

EVA inspector robot mission and the fault predictor/analyzer/manager development

mission. These two missions along with the FTS program feed operational experience

and enabling technologies into the other more advanced missions. Figure 4.3-1

shows the interconnections indicated between the missions identified and suggests an

A&R development program to be conducted using the space station. Figure 4.3-2

shows an integrated A&R program schedule based on the mission descriptions of

paragraph 4.1.

4.4 Prioritizing A&R Development Missions

Because resources and schedule time for conducting experiments on the space

station will be limited, it is necessary to prioritize those missions which are being

suggested. This section addresses the prioritization which was conducted to rank the

seven A&R development missions defined in this study. The discussion for each
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prioritization will identify the criterion and then will discuss how the missions were

ranked against that criterion.

The criterion used for ranking the seven A&R missions were based on the goals and

groundrules that were used to select the candidates in Tasks 1,2 and 3 of this study.

First the issue of how well the experimental mission uses the space station was

examined. For that criterion, the free flying robotic candidates all ranked high because

of their dependency on space dynamics and interaction with space station operations.

Within the free flyers, however, there were some discriminators. The robotic EVA crew

assistant not only had a tight connection with space dynamics but also had a crew

interface dependency which was related to the space environment. For those reasons

that mission had the highest space station dependency and was given a rank of 7.

Close behind was the EV robot experiments along the spokes of the large spinning

vehicle. Because of the difficulty of simulating all of the space dynamics involved that

mission was ranked at level 6. The other two free flying experimental missions also

had a high dependency on the space station environment and were given ranks of 5.

The ORU repair robot was highly space dependent because of the dynamics of the

complexed and varied repair tasks. This candidate was ranked at level 4 down one

down from the free flyers because a larger part of its development would be Earth

based (manipulator and sensor advancements). Finally the two system analyzer

manager pilot plant experiments were ranked with a fairly low dependency on space

station because space dynamics were not a factor (ranked at level 2).

The second issue considered was how much the output of the mission supported the

conduct of other A&R missions in the program (see Figure 4.3-1). For this criterion the

EVA inspector robot got the highest rank of 7 because its output would support three of

the other free flyer missions. The fault predictor/analyzer/manager was next with a

rank of 6 because it would support two other missions. The Mobile-Intelligent-

Dexterous robot supported one additional mission and is therefore given a rank of 5.

The robotic EVA crew assistant and the autonomous system manager have indirect

spin off potential to support other missions so they were given ranks of 3. The other

two missions are late in the program and have isolated uses so that their benefit to the

other missions would be minimal. They were therefore ranked at level 1.
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The third criterion examined was the benefit of the application derived from each

experimental mission to the space program. For this criterion the Mobile-Intelligent-

Dexterous robot with its anticipated ability to replace humans on EVA would get the

highest rank of 7. Second in line would be the autonomous system manager with its

expected potential for cutting the system monitoring and housekeeping chores of the

space vehicle crews. That candidate was given a rank of 6. Close behind was the

fault/predictor/analyzer mission with a rank of 5. The EVA inspector robot shows

promise of reducing human EVA by performing preliminary data gathering sorties to

support better preparations for the human excursions. It was ranked at level 4. The

examination of applications for the EV robot as an astronauts helper produced a

conflicting result. If the robotic technology for an EVA astronaut's helper exists

wouldn't that technology reduce the need for human EVA? Because of that

consideration, the use of a robotic astronauts helper would be made obsolete by the

system that provides the robotic function. A ranking of 2 was given to that candidate.

The consideration of the application of the ORU repair robot also produced some

unanswered questions. Would it be more efficient to teleoperate repairs of ORUs on

orbit with the associated inefficient use of human time and the need for components

and tools in space? or it would be more economical to replace the ORUs and repair

the faulty units on earth? It seems at least to be a close call. This candidate was also

ranked at level 2. The EV robot for operation along the spokes of a large spinner

while being potential useful for deep space missions would not appear to have a

space station application. Its potential for developing techniques which could be

applicable to robotic rendezvous with spinning spacecraft could, however, be

beneficial for future space users. A ranking of 3 was assigned.

The detailed cost benefit comparisons for this study were conducted for high priority

candidates later when the capabilities/facilities task was completed. At this point in the

study a relatively course estimate was made of mission costs for purposes of

prioritization. For the cost estimates, the fault predictor/analyzer/manager pilot plant

experiments were judged to be the least expensive with the autonomous system

manager close behind. These were ranked 7 and 6 respectively. Because the robotic

EVA crew assistant would be based on a modified Manned Maneuvering Unit the cost

of that development mission was also expected to be moderately low. The ranking for

that mission was set at 5. The EVA inspector robot experiment would represent a

significant increase of cost, rank 3, and the Mobile-Intelligent-Dexterous robot would

be still more costly. That mission and the complex and labor intensive ORU repair
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robot mission were both ranked at level 2. Finally, the expensive co-orbiting spinner

for the manned Mars EV maintenance robot experiments would be ranked at level 1.

When the criterion of risk to the space station from conduct of the experimental

missions was tested against the seven experiments, the two system manager pilot

plants exhibited the least threat and were ranked at level 7. Another experiment which

exhibited a low threat to the space station was the ORU repair experiment. It was

ranked one level down at 6 because of a minor threat from collisions resulting from

erratic robotic activities. The EVA inspector robot represents a significant increase in

threat to the space station because of external operations in close proximity to the

station. A ranking of 3 was assigned. The Mobile-Intelligent-Dexterous robot was

considered to be still more risky because of the additional threat of manipulator

collisions with space station. The spinner would be remote from space station but the

close orbit of such a vehicle could be a threat and EVA for crew members attending

the experiment would be a significant risk. The spinner and the Mobile-Intelligent-

Dexterous robot were both assigned rankings of 2. The robotic assistant for EVA

astronauts experiment represents the maximum risk to space station from any of these

A&R missions and was assigned a ranking level of 1. This is because of the robotic

operations in close proximity to the station and also close to suited EVA astronauts.

The last criterion considered was based on the benefits that conducting these

experiments would have on technologies that could be spun off to Earth uses. The

fault predictor and system manager experiments would develop applications of sensor

fusion, parallel computing and AI decision making based on realtime modeling and

database searches that could be readily transferred to use on Earth. Such uses could

be for system managers in automatic factories or in nuclear power plant control

centers. A ranking of 7 was assigned to these experiments and also to the ORU repair

robot experiment. The ORU repair robot experiment would a driver of advanced

manipulation, end effector and telepresence sensor technologies which would spin off

to advanced Earth bound teleoperations such as those for use in clean up of high

radiation or chemical hazard sites. Mobility robots on Earth have not yet become

obvious technology users but such applications as robotic firefighters or site cleaners

could benefit from technologies developed by the EVA inspector robot. That

experiment and the Mobile-Intelligent-Dexterous robot experiment would drive the

development of automatic task and path planners as well as obstacle avoidance

systems for use of Earth-bound mobile robots. Rankings of 5 and 4 respectively were
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assigned.. The robotic EVA astronauts helper experiment and the spinning vehicle EV
robot would add little to the technologies already described above for Earth use. A
ranking level of 2 was assigned to both of those experiments.

Figure 4.4-1 presents the compilation of rankings for the seven A&R development
missions and shows that the top four experiments were: the
fault/predictor/analyzer/manager, the autonomous systems manager, the EVA
inspector robot and the mobile-intelligent-dexterous robot. These four are the subject
experiments for the facilities/capabilities task (Task 4) and the IOC test bed hooks and
scars task (Task 5). Those tasks are discussed in detail in documents D180-30639-1

and D180-30638-1 respectively.
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FOREWARD

The basic Space Station Technology Development Mission Requirements Definition

Study for Advanced Automation and Robotics (Contract NAS9-17706) was initiated

in November of 1986 to be completed in November of 1987. The study was

conducted for the National Aeronautics and Space Administration's Johnson Space

Center by the Boeing Aerospace Company. The study final report package consists

of five documents:

D180-30636-1

D180-30637-1

D180-30638-1

D180-30639-1

D180-30627-1

Final Report

Missions Definition Report

Test Bed "Hooks and Scars" Report

Test Bed Capability/Facility Report

Mission Requirements Data Base Entry

Dr. J'on Erickson and Mr. Kenneth Crouse were the contracting officer's

representatives and technical monitors for the Johnson Space Center. The Boeing

study effort was managed by Dr. Douglas Dorrough and Mr. Robert Dennison with

Mr. Paul Meyer as the technical leader.
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1.0 SUMMARY"

This document is the part of the study report for the Space Station Technology

Development Mission Requirement Definition for Advanced Automation and

Robotics Basic contract which addresses the facilities and capabilities needed for

space station support to the defined missions. This facilities/capabilities description

task (task 4) considered four missions which were identified as high priority A&R

development missions by the analyses conducted in task 3 of the study. For a

discussion of the mission definition study concluded for task 3 the reader is directed

to Boeing Document D180-30637-1. The relationship between this

facilities/capabilities description task and other tasks of the basic study is presented

by Figure 1.0-1.

This document includes sections on the task conclusions and recommendations

(sections 2.0 and 3.0) and a section on the discussion of results (section 4.0). Section

4.0 includes a description of space station facilities and program capabilities

indicated for the high priority missions, an accounting of crew time both EVA and

IVA for the missions, and a cost/benefit estimation for each of the high priority

missions.
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2.0 CONCLUSIONS

The overall conclusions from the study conducted for this task are that: 1) the high

priority A&R missions defined are compatible with the use of many of the defined

space station attached payload accommodation equipment (APAE) features; and 2)

that the cost/benefit ratios from the conduct of these experiments are represented

by those shown below.

Fault Predictor/Analyzer/Manager

Autonomous System Manager

EVA Inspector Robot

Mobile-Intelligent-Dexterous Robot

0.5

0.9

0.9

0.65

Because these cost benefit ratios were developed without factors for hazard

reduction or benefits to society on earth, they reflect benefits from space station

application, exclusively. Even in that limited case the results suggest that the high

priority A&R missions from this study are good candidates for space station

technology development experiments.

3.0 RECOMMENDATIONS

The results of this study task indicate that the high priority A&R development

missions are good candidates for development on the space station because they

make good use of the APAE and station crew and because they have good potential

for advancing beneficial A&R. It is therefore recommended that NASA initiate

detailed planning activities so that these missions may be scheduled onto the early

space station agenda.
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system (DMS) and use of health monitoring sensors attached to the test article

subsystem components. The DMS access will include portals to the data buss and

use of capacity and computing time within processors of the distributed DMS. The

capacity within the computers would be needed for the on-board data load of the

pilot plant software and for storage of data being processed and retained during

the experiment. Estimates indicate a need for 100 Mbits of computer memory for

each of the analyzer/manager experiments. The data load is anticipated to have an

artificial intelligence (AI) software component so compatibility of the DMS with

that type of software is indicated. In conducting the processing for these

experiments significant access to the data base which is assumed to be stored in the

station DMS will be needed. This access will be both for retrieval of data items and

for the insertion of modified or new data items.

Structural attachment facilities are anticipated for the mounting of pilot plant

unique sensors to surfaces of the subsystems and for mounting unique data

conversion equipment to module equipment racks. Structural and functional

interface provisions will be needed for installing unique operator interface panels

for the pilot plant experiment in a control center console inside the station.

Station electrical power and thermal control requirements for these pilot plant

experiments will be minimal and have been estimated to be in the range of 0.1 to

0.15 Kw continuous for DC with active thermal control dissipation of comparable

heat energy.

The fault predictor/analyzer/manager experiment would be scheduled to preceed

the autonomous system manager and therefore much of the equipment and

software may be retained for use by the second experiment after the first is

completed. Because of the significant use of space station equipment for these

experiments the launch mass for each is anticipated to be less than 50 KG.

Downlink of performance evaluation data is anticipated to occur on a near daily

basis but can be on a non-interference schedule with respect to more critical

communications. Downlink generation rate is estimated in the 7 to 15 KBPS range.

Uplink of database modifiers or operational instructions based on ground analysis

of the performance data would occur on approximately a weekly basis and would

have a generation rate estimated in the 50 KBPS range.
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The most difficult factor with respect to identifying spacestation facilities for these

two analyzer/manager pilot plants, will be the selection of the test article

subsystem(s).The pilot plant concept asused for these experiments would require a
significant level of complexity in the test articles and yet initial use of non-critical

subsystems has been specified in the mission definition. The most apparent
candidates would be systemswhich areassociatedwith other experiments suchas a

materials processing model or a plant growing laboratory. Such test articles may
however be so off line and slow functioning that little or no automatic analysisand

management can be demonstrated. It is also possible that these systemsonly seem
non-critical until the principle investigator has been consulted. Another potential
candidate could be elements within the environmental control life support system

(ECLSS). One of the advantages with such a test article, if crew safety can be

assured,would be the possible connection between performance of the test article
and crew comfort. This would provide a sensitivity to the successor failure of the

analyzer/manager experiments through reactions of the crew to the quality of the
controlled environment.

4.1.2 Free Flyer Experiments

Figure 4.1-2-1 presents an illustration of an installation concept for free flyer testing

in close proximity to the exterior of the space station.

The essential features of this concept are: 1) the internally mounted robot

supervisory control station, 2) the externally mounted robot berth, 3) the attached

navigational aid devices, and 4) the robot itself. The two free _ ....,,y_, experiments

considered here: the EVA inspector robot and the mobile-intelligent-dexterous

robot will both use this type of installation but the mobile-intelligent-dexterous

robot will require significant increases in hardware and software complexity.

For these experiments, the space station DMS will be used to provide robot system

monitoring, command and control data processing. This will involve access to the

DMS data buss and also the use of capacity and time of distributed processors. The

data buss access points will be at the robot berth and at the control station. The

access at the robot berth may be accomplished through use of the network

interface unit (NIU) of the attached payload accommodation equipment (APAE).
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The potential interfaces between the APAE and the free flyer experiments and also

those for the analyzer/manager experiments are discussed in paragraph 4.1.3

below. The processing capacity in the DMS computers needed for the free flyers will

be based on the software data load, and also on the capacity needed for processing

and retention of data during the experiments. Estimates place memory needs at

100 Mbits for the EVA inspector robot and 200 Mbits for the mobile-intelligent-

dexterous robot. AI software will make up a significant part of the on-board data

load for these robot experiments so there will be a requirement for the DMS to be

AI compatible. The space station database will be used by these experiments for

configuration, orbit and attitude parameters and will be expectecl to support data

retrieval as well as data base inputs.

Electrical power operational needs are estimated to be in 0.5 to 1.0 KW range and

active thermal control would be used to dissapate that level of heat energy from the

berth and the internal installation. The free flyer units would use passive thermal

control while on sorties and would tap into the berth thermal controller when

attached. The robot flyer would also use the berth unit for battery charging and

data transfer during periods when it is attached. APAE facilities would be potential

interfaces between the station and the robot berth for active thermal control and

electrical power conditioning.

Communication links would be needed between the free flyer and the berth when

the robot is on a sortie and between the station and Earth for transmittal of

evaluation data uplinks and downlinks. The generation rates for digital data

between the free flyer and the berth were estimated to be in the 10 KBPS range and

rates to Earth in the 25 KBPS range daily with uplinks in the 75 KBPS range weekly.

Video data will be transferred from the robot to the station DMS via the berth unit

after the flyer returns from a sortie.

The hardware for the EVA inspector robot and the mobile-intelligent-dexterous

robot experiments will be fairly massive (estimated at about 150. KG for launch).

The hardware attachments may be accommodated by the APAE for both the

external and the internal equipment, see 4.1.3.

One special interface that will be needed for the free flyer experiments will be the

facilities for recharging the propulsion system of the robot with propellant. That

9
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processdoes not appear to be a standard service of the APAEand would have to be
identified for these experiments. As a final consideration of facilities on board to

support free flyer experiments, it isnecessaryto addressthe IVA part of the mobile-

intelligent-dexterous robot mission. For this part, a special internal berth fixture
and navigational way points would need to be attached to the inside structure of

spacestation modules. The servicesrequired for the internal robot would be of the
same type asthose for the external operations but special considerations of robot

safety and crew compatibility would apply.

4.1.3 APAE Application to A&R Missions

The only high priority A&R missions that would use external APAEwould be the EVA

inspector robot and the mobile-intelligent-dexterous robot experiments. For those

missions the external berth fixture could be mounted on the space station using the

APAE. The mounting would look something like that shown in Figure 4.1.3-1. The

mounting would use the SIA or station interface adapter shown by Figure 4.1.3-2.

This would support the payload interface adapter (PIA) shown by Figure 4.1.2-3 and

that would support the deck carrier (Figure 4.1.3-4). The berthing unit itself would

be mounted to the deck carrier. The APAE provides thermal control, electrical

power conditioning, and data handling services as part of the subsystem support

module (SSM), see Figure 4.1.3-5. APAE thermal control is shown by the diagram of

Figure 4.1.3-6 and that represents a service that would be used by the free flying

robot's external equipment. The power interface unit (PIU) part of the SSM

processes electrical power for distribution to the attached payload and uses sources

either from the core space station or from the National Space Transportation

System (NSTS) during the launch mode. Figure 4.1.3-7 gives a representation of PIU

interfaces with the payload which would be consistent with that needed by the free

flying robot's external equipment. The user interface provided by the APAE

between the payload and the station DMS/C&T system is represented by Figure

4.1.3-8. Optional element usage of that interface will be needed to implement the

high data rate MUX and the television data networks to the DMS and the C&T

system. Estimates of APAE resource capabilities are given on Table 4.1.3-1.

The APAE includesa crew support station which provides a human interaction point

with the APAE SSM and that support station has the facilities as indicated on Figure

4.1.3-9. These facilities include not only displays and controls for the APAE but also

10
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TABLE4.1.3-1 APAERESOURCECAPABILITIES(IOC)

POWER

THERMAL
ONBOARDDATA

HIGHRATE/GROUNDDATA

VIDEO

10KW

10KW
10MEGABITS

50TO 100 MEGABITS

CURRENTLYNO ANALOGVIDEOLINESAVAILABLEFORATTACHEDPAYLOADS.

DIGITIZED VIDEO CAN BE STRIPPEDOUT OF HIGH RATE DATA STREAM FOR

ONBOARDDISPLAY.
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spacefor payload status display and for unique payload equipment. This indicates
that the supervisory control station for the free flying robot experiments could be

integrated with the APAE support station. It is also possible that the Operator
SystemInterface (OSI)for the fault predictor/analyzer/manager experiment and the
autonomous system manager experiment could be mounted as unique payload

equipment in the APAEsupport station console.

Software functions which will be part of the APAEare illustrated by the diagram of

Figure 4.1.3-10. The free flying robot experiment could usesoftware from all blocks

except the Payload Pointing System(PPS).The APAEattitude determination system
(ADS) might be useful to provide attitude references for initializing the attitude

control systemof the EVAflying unit prior to a sortie. The payload unique software
could include some if not all of the software for the free flying robot experiments.

If the APAE crew support station is used to mount OSI for the fault

predictor/analyzer/manager or the autonomous system manager experiment the

APAES/Wfor the crew support station could be employed for those experiments as
well.

It is noted here that the figures and the table used in this section are all duplicated

for easy reference from the NASA report BB00187, Baseline Configuration

Document, Section III, dated August 29,1986.

4.2 Space Station Crew Involvement

A significant part of the space station on-orbit services for A&R development

missions will be the support activities of the on-board crew. This section of the

facilities/capabilities report will discuss those support activities for each of the high

priority missions defined. That discussion will be presented as reviews of the

scenarios developed for the crew activities and the accounting of crew time which

was associated with each of these scenarios.
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4.2.1 Fault Predictor/Analyzer/Manager Experiment

Because this experiment will be conducted as a pilot plant inside the space_station

the associated crew activities could be integrated easily with other IVA functions.

Installation of the experiment on the space station will involve the mounting of

unique sensors to the selected test article components, the mounting and hooking

in of unique signal conditioning equipment, the installation of unique control

panels and displays in the APAE crew support station, and the loading and checking

out of the pilot plant software. It is estimated that these installation activities

would require 32 crew hours and would be conducted over an eight day period

shortly after the equipment and software have been launched to the space station.

The pilot plant experiment would be in continuous operation once it is turned on

and crew attendance is estimated to involve about six minutes per day. This six

minutes would be accumulated time over the day when a crew member would be

monitoring the display and inputting commands to the pilot plant control panel.

The display is anticipated to include an audio or color keyed alarm which could call

the astronaut to the panel when action is needed. The action in general would be

to witness the fault indication, confirm and enter a response such as agree,

disagree, or question the fault detection. An additional six minutes per day would

be used for a crew member to enter evaluation comments on the experiment or to

enter constraints to be applied by the pilot plant in future fault detection (such as

the test article system will be shut down for reconfiguration tomorrow). Over the

approximate year for conduct of this experiment, the on-board test conductor will

discuss the pilot plant's performance with evaluators on Earth in approximately 10

conferences on a monthly basis. Each of these conferences is anticipated to involve

that crew member for one hour.

Over the duration of this experiment, it is anticipated that significant maintenance

and calibration will be required. This activity is estimated to use one hour of crew

time each week. Reconfigurations of the pilot plant involving such activities as

sensor changes, signal conditioner changes and software modifications are

anticipated. These reconfigurations are estimated to use four hours of crew time

each operational month.
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Assuming that this pilot plant is torn down at the end of the one year mission, six
crew member hours will be used to remove the hardware, download the software

and perform a post experiment systemcheckof the spacestation.

Figure 4.2.1-1 shows a crew activity timeline for the 196 IVA hours estimated for this

experiment.

ACTIVITY MO =

Installation

Operation

Evaluation

Maint. & Calib.

Reconfigurations

Tear down

TOTAL

1 2 3 4 5 6 7 8 9 10 11

32

1 3 3 3 3 3 3 3 3 3 3

2 4 4 4 4 3 4 4 4 3 4

3 5 4 4 4 4 4 4 4 4 4

0 4 4 4 4 4 4 4 4 4 4

38 16 15 15 15 14 15 15 15 14 15

12

FIGURE 4.2.1-1 CREW ACTIVITY IN HOURS PER MONTH FOR FAULT

PREDICTOR/ANALYZER/MANAGER EXPERIMENT

4.2.2 Autonomous System Manager Experiment

This experiment was defined to be another pilot plant to be integrated within the

space station modules and would use crew time in a manner similar to that of the

fault predictor/analyzer/manager pilot plant discussed under 4.2.1. The basic

difference in the use of the space station crew for the autonomous system manager

development would be that the duration of the experiment will be three years

rather than one and the complexity of the installation, operations and tear down

tasks would be greater.

For installation the crew would mount equipment for a wider system monitoring

function and would load and checkout software for a wider management function.
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For those reasons the installation task was estimated to use 44 IVA crew hours

during 10daysshortly after the equipment and software isreceived on-orbit.

Operations of this pilot plant will be continuous except for reconfiguration
shutdown over a period of three years. The crew time each operational day will be

accumulated into a total of an estimated eight minutes. This activity will be similar
to that for the fault predictor/analyzer/manager experiment but the functions
monitored will be more extensive so that the time will be somewhat greater. The

same time increase would be associated with the daily evaluation/constraint

generation tasks. Monthly evaluation conferences with the ground were kept at
the one hour level in spite of the increased complexity because of the three year

length of the missionwhich would allow the evaluation to bestretched out.

The maintenance, calibration and reconfiguration tasks were not increased in work

level because it was assumedthat experience gained in this area from the previous

fault predictor/analyzer/manager experiment would keep the time from increasing.

The three year duration of this missionhowever produced a much larger cumulative
crew time for these activities.

Tear down of the pilot plant was estimated to usean increased crew effort because

of the extent of the unique hardware anticipated. This resulted in an increaseto 12
crew hours.

Figure 4.2.2-1 shows the autonomous system manager experiments crew activity

time line giving a spread of 578 crew hours over three years.

4.2.3 EVA Inspector Robot Experiment

The EVA inspector robot experiment was defined to have crew activities on the

outside as well as on the inside of the space station modules.

Installation of the experiment would use IVA for mounting the experiment unique

control panels and displays in the APAE crew support station and for loading and

checkout out the mission data load software. These activities were estimated to use

28 crew hours. Installation of the external hardware for the experiment would use

both IVA and EVA. IVAwould be used to operate the Mobile Servicing Center (MSC)
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to remove the hardware from its stowage location and position it at the APAE deck

carrier. That activity along with IVA support of EVA was estimated to use eight

hours. EVA would be used to install, hook up and checkout the berth unit including

the flyer unit and to attach the navigational aids. It was estimated that two full 6

hour EVA sorties with 2 astronauts would be used and that would use 24 EVA crew

hours. This installation activity would take place over a 15 day period shortly after

the equipment and software for the experiment had arrived on orbit.

The initial sorties with the robotic flyer would be simply to have the robot deploy,

move a short distance from the berth and then return to dock at the berth. This

operation along with two other initial operational sessions would be conducted

with EVA astronauts attending the berth and the flyer unit. An astronaut would

also be at the internal supervisory control station throughout these three initial

sessions to monitor the robot and EVA astronauts and to provide instant reaction in

case of anomalies. Each of these initial sorties would use 6 IVA crew hours and one

full 2 astronaut EVA. The purpose of these initial sorties would to be provide

progressively expanded guided tours for the robotic flyer over the set of

navigational aids and those sorties would be conducted during the first two months

of the experiment. .

Normal operational sessions with this experiment would not use EVA and would use

IVA for an estimated one hour for each session to checkout and instruct the robot

before deployment. An additional hour of lVA crew time would be used after the

robot had returned to evaluate its performance and issue commands to prepare it

for the next session. It was anticipated that three operational sessions would be

conducted each month for 20 months out of the two year experiment.

Significant maintenance, calibration and reconfiguration of the experimental

equipment was anticipated in the definition of this mission. Periodic maintenance

and calibration of the system from the control station would be accomplished

weekly using an estimated one IVA hour for each. The EVA part of.the maintenance

and calibration would be conducted as one quarter portions of EVA sorties

conducted for other purposes on an as available basis but averaging out to be

monthly over the two year mission life. The software reconfigurations will be

conducted approximately every two months over the mission and have been

estimated at two IVA hours each. The overall hardware and software
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reconfigurations are anticipated to occur three times over the mission and each
would use12 hours of IVA and one full two astronaut EVA.

Tear down of the experiment would useboth IVA and EVA and would use 16 IVA
hours and one full EVAsortie (12 crew hours) to remove, pack and stow equipment

download software and conduct a postexperiment checkout of the station.

Figure 4.2.3-1 exhibits a spread of 506 IVA and EVA crew hours over the two year

lifetime of this experiment.

4.2.4 Mobile-Intelligent-Dexterous Robot Experiment

This experiment was defined to be another free flying robot development which

would be conducted external to the space station in one phase and later have a

phase with interior operations. The crew involvement for the external phase would

include the same elements as those identified for the EVA inspector robot but

because the robot would include manipulative capabilities the experimental tasks

would be more complicated. The interior phase would involve many of the same

activities as those identified for the external experiments but crew EVA would not

be needed.

4.2.4.1 External Phase of Mobile-Intelligent-Dexterous Robot Experiment

This phase of the Mobile-Intelligent-Dexterous Robot mission will be conducted in a

manner similar to that described in section 4.2.3 for the EVA inspector robot

experiments. The external phase of this mission has been defined to have a

duration of two years and will be installed on the space station using EVA and IVA

over a period of 15 days shortly after the hardware and software arrive on orbit.

The crew effort estimated for the installation tasks is 40 hours for IVA and two full

EVA sorties (24 productive crew hours). The IVA effort is somewhat greater than

that estimated for the EVA inspector robot installation because of the more

extensive software for this system which will cover both robot mobility and

manipulation. Because of the experience which would be gained from the previous

EVA inspector robot installation, the crew time estimates for EVA and for IVA

integration of the overall system for the mobile-intelligent-dexterous robot were
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not increased over those reported in section 4.2.3 in spite of the increased

complexity.

As with the EVA robot, this experiment will be initiated by a eries of guided tours

with EVA astronauts attending the robot on limited missions. The most significant

difference in operations with this experiment will be the increase in IVA crew time

for teleoperation of the manipulative functions of the robot- For the three guided

tours associated with this phase, the IVA crew time is estimated at 18 hours (6 hours

each) and one full EVA sortie is estimated for each (12 hours per sortie). After the

three guided tours, the operations will be conducted on the average of once every

two weeks and each operational event has been estimated to use six IVA crew hours

(mostly for teleoperations).

Evaluation of the robot sorties will be conducted as part of each day's operational

activities and is estimated to use one IVA hour out of the six identified above.

Like the EVA inspector robot experiment, this test installation is anticipated to need

weekly maintenance and calibration (both software and hardware) and will be

reconfigured on the average of once every two months over the two year duration

of the mission phase. The estimates for maintenance and calibration are the same

as those for the EVA inspector robot experiment because of the experience factor

being balanced against the increased complexity factor. EVA inspector robot

estimates were also used for the reconfiguration crew time for the same reason.

Tear down for this experimental phase will be conducted to remove external

equipment and pack that hardware for return to Earth. The internal installation for

this phase will not be removed but will be retained for reconfiguration to support

the interior phase of the mission. The tear down crew time estimates for this

mission phase are six IVA hours (primarily to support the crew on EVA) and one full

EVA sortie (12 productive crew hours). Figure 4.2.4.1-1 shows the crew activity

timeline for the 740 IVA and EVA hours estimated for this phase.

4.2.4.2 Internal Phase of Mobile-Intelligent-Dexterous Robot Experiment

The internal phase of this mission was defined to be conducted over a one year

period immediately after the external phase and would utilize the control station
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equipment and much of the software installed for the preceeding experiments. For

that reason the installation of this phase will consist basically of the reconfiguration

of the software and will also include the mounting of the internal robot/berth and

navigational aid hardware. That reconfiguration, installation and system checkout

was estimated to use 24 IVA hours and would be conducted over a 12 day period

following the on-orbit delivery of the hardware and software.

The operation of the internal robot would be initiated with three guided tours each

using eight IVA crew hours at the control station and attending the robot.. Normal

operations would use six IVA hours largely for teleoperations from the work station

but including after one hour for each operation for evaluation. The three guided

tours will be scheduled to occur within the first six weeks after installation and the

remaining operational session will occur approximately three times a month except

when the system is down for reconfiguration.

The internal part of the mission will also use weekly calibration and maintenance

attendance by the crew. This effort was estimated to use 44 crew hours over the

one year duration of this mission phase. Reconfigurationswill occur every other

month for software and once during the year for hardware. The reconfigurations

were estimated to need 24 crew hours.

Teardown will be conducted to remove and pack the hardware elements, to

download the software and to perform a post experiment checkout of the space

station. This effort was estimated to use 18 crew hours.

Figure 4.2.4.2-1 shows the timeline for crew effort for this phase of the mobile-

intelligent-dexterous robot experiment and indicates the spread of 314 IVA hours

over a one year period.
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ACTIVITY MO =

Installation

Operation

Evaluation

Maint. & Calib.

Reconfigurations

Tear down

TOTAL

1 2 3 4 5 6 7 8 9

24

8 21 15 15 15 15 10 15 15

1 4 3 3 4 3 2 3 3

2 4 4 4 4 4 2 4 4

4 2 2 12 2

10

15

4

4

35 336 22 24 23 24 26 22 24 23

11 12

15 10

3 2

4 4

2

24

18

34

FIGURE 4.2.4.2-1 IVA IN HOURSPER MONTH FOR MOBILE INTELLIGENT

DEXTEROUS ROBOT EXPERIMENT-IV PHASE

4.3 Space Station Program Ground Support for A&R Missions

The support the high priority A&R missions needed from the space station program

on the ground has been identified in two areas. First, prior to the deployment of

the missions in space, there will be a need for significant levels of software

development, especially for the AI software needed, and for ground testing of the

A&R mission concepts. For the analyzer/manager pilot plants simulation (perhaps

with Earth bound mock-ups) of actions with the automated systems will be needed

to select the appropriate test article subsystems. For the free flyer robot

experiments, the safety and performance questions associated with the concepts

need to be examined using air-bearing table or neutral bouyancy tank simulators.

As a part of the pre-mission analysis associated with each of the defined high

priority experiments the space station design will be reviewed to establish the

specific hooks and scars needed. This would be a mission chargable activity added

to the space station design effort by the selection of these missions.
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During the conduct of the missions, the evaluations in space by the operating crew

will be transmitted to Earth for more detailed analysis and consultation. This

ground support has been identified asa full time activity for from 1.5 to two people

throughout each mission and for several months after mission completion.

4.4 Cost/Benefit Estimates

The following are cost/benefit estimates prepared for the four high priority A&R

missions defined in task 3.

The assumptions used for these estimates include the following:

Estimate Cost of A&R Mission Only - (That means that cost involved in

application of the concept are not estimated here). Mission costs would

include:

Pre-launch development costs

Equipment added to space station for experiment

Crew time for experiment

Concurrent or post experiment analysis costs

Estimate only those Benefits Derived Specifically from the Conduct of the A&R

Missions. Such benefits would include:

Working out of bugs in concept

Building of confidence in concept

Discovering new ways of using the concept

Discovering new characteristics of the concept

The following approach was use to estimate the costs of the experiments.

Estimate pre-launch development costs by comparing this program with one

previously done and factor the cost figure for the previous program
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Estimate equipment costs using an item by item cost comparison with similar
equipment or by RCA-PRICEmodeling based on equipment weight and

complexity estimates

Crew time costsare estimated basedon IVA crew rates ofX 20K$ per hour and
EVAratesof 88K$ per hour

Concurrent or post mission analysiscostsestimated by comparing with costsof
similar support activities which have been conducted and factoring the

previous costs

The benefits estimateswere made usingthe following approach:

Estimated benefits derived through application of the A&R concept addressed
by the mission

Space station crew time savings over the first 10 years following
deployment of the concept asa spacestation application

- Substituting for spacestation crew in undesirable task situations

Application of resulting technologies to U.S. business or government
activities produces increase in productivity or reduction in undesirable
work conditions for humans

Application of resulting technologies facilitates an expansion of human
knowledge of capabilities in beneficial areas

Estimate the percentage of these benefits which can be attributed to the
resultsof these missions

Nominal (say50%) for benefits in spacestation applications

Low (say 10%) for benefits to U.S.economy or to advancements in the
human conditions
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Fault Predictor/Analyzer/Manager Experiment - Cost Estimates

Pre-launch Analysis program a 2000 rule expert systemat 5
labor daysper rule = J6M$ J

Equipment . 10sensors @ 5K$ each + 2 converters @
50K $ each + 1 micro computer400K $
+ OSI displays & switches @ 100K $ =

650K$times2forspares = 11"3M$

Crew Time 196 IVA hours X 20K $/hr [=4M$

Ground Analysis Support 1.5 yearX 2 people X 150KS/person year

TotalCost [=12M$ ]

Benefits Derived from Fault Predictor/Analyzer/Manager

From skylab experience @ 5 percent of total time for the 3 man crew was
devoted to subsystem management (3.6 hours per day).

- For a space station with a 10 year operational life this equals13150
hours for subsystem management.

- Theseare IVA hourssothe rate is$20,000/hoursothetotal cost of
managing subsystems per skylab estimates = 263M $

Assuming that the Fault Predictor/Analyzer/Manager reduces that by
20% or saves 53M $ and assuming @ 50% of that benefit is derived

from the conduct this experiment givesa benefit of =[25M $ ]

or a cost benefit ratio forthisexperiment of 12/25 or
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Autonomous SystemManager Experiment Costs

Pre-launch Analyses

Equipment

Crew Time

y

program 5 expert systems each with
approximately 850 rules (R1 sized) using @ 5
labor days per rule at $600 per labor

day 1__.13M$ I

25 sensors @ 5K each = 125K $ + 4
converters @ 50K each = 200K $ + 2 micro
computers800K $ + OSI displays and
switches = 100K$ = 1225K$X2for

spares 1=2.5M$ ]

578 IVA hours X 20K $/hr l=12M$

Ground Analysis Support ___ 3.5yearsX2peopleX160K$/person

year I=1"1M $ I

Total Cost I =29M $

Benefits Derived from Autonomous System Manager Experiment

Same overall system management costs per skylab estimates = 263M $

Assume that the application of an automated system manager to handle
electrical power allocation, thermal control, fluid transfer functions, and
ECLSS control automatically would save an additional 25 percent of the
overall 263M $ or 66M $.

Assuming again that 50 percent of that is derived directly from this

experiment gives approximately 133M$ I benefit.

The cost/benefit ratio then is 2_99or =
33
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EVA Inspector Robot Experiment Costs

Pre-launch Analyses

Equipment _"

Crew Time

Ground Support

program robot software (approximately
2500 rule expert system equivalent) = 7.5M
$ + 6 mos. ground testing of system. 1.5M $
=Total =lo_A_ I

RCA-price estimates flying unit = 40M $,
berthing unit = 15M $, OSI hardware for
supervisory control = 1M $ plus spares 15M $

= 71M$ •

338 IVA hour X 20K $/hr -' 6.8M $ and 168

EVAhoursX88K$ = 14.8M$[=22M$ I

2yearsX2peopleX160KS/year [=1M$

Total Cost [= 103M$ I

Benefit Estimates for EVA Inspector Robot Experiment

Based on skylab experience extended to space station operations it is
estimated that 40 crew hours per week will be devoted to EVA.

Assuming that 24 of those hours are at IVA rates of $20,000/hour and 16
hours per week are at EVA rates of $88,000/hour the cost of space station
EVA for 10 years of operations would be @ 1 Billion $.

Assuming that the EVA inspector robot replaces 12 human EVAs per year
(23% oftotal)gives a benefit of 230M $ and assuming 50 percent of that

capability is derived from this experiment gives a mission benefit of [115M $

The cost/benefit ratio then is 103 or
115
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Mobile-Intelligent-Dexterous Robot Experiment Costs(Assuming that EVA Inspector

Robot Experiment issuccessfullycomplete)

Pre-launch Analyses

Equipment

program robot software (approximately 4000
rule expert systemequivalent) = 12M $ + 12
mos. ground testing of system. 3M $ = Total

RCA-priceestimates flying units = 75M $,
berthing unit = 20M $, OSIhardware for
supervisorycontrol = 2M $ plus .spares20M $
= 47M $. Riskassessmenton above values,
including 6 inflationary profiles, is equal to +

5%.[=123M$ I

Crew Time

Ground Support

,_ 886 IVA hourX 20K $/hr and 168 EVA hoursX 88K
y

I
3yearsX2peopleX250KS/year [=1.5M$

Total Cost I = 173M $ I

Mobile-Intelligent-Dexterous Robot Benefits

Based on skylab experience extended to space station operations it is
estimated that 40 crew hours per week will be devoted to EVA.

Assuming that 24 of those hours are at IVA rates of $20,000/hour and 16
hours per week are at EVA ratesof $88,000/hour the cost of space station
EVA for 10 years of operations would be @ 1 Billion $.

Assuming that the Mobile-Intelligent-Dexterous Robot along with the EVA
inspector robot replaces 36 human EVAs per year (70% of total) givesa
benefit of 460M $ for the Mobile-Intelligent-Dexterous Robot alone and
assuming 50 percent of that capability is derived from this experiment gives
a mission benefit of 230M $ in EVA savings. The Mobile-Intelligent o
Dexterous robot will also perform IV fetch and carry tasks to off load
astronauts. Assuming 8 hours per week of astronaut time saving. This will
add a benefit overa ten year period of 83M $ and assuming 50% of that
comes out of this experiment gives 41M $. The total estimated benefit of a

10 year space station mission is [270M $. I
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The cost/benefit rati_ then is 173 or 10.65
270 I

It should be noted that all of the above cost/benefit estimates would be
reduced if the hazard avoidance and safety enhancement benefits were
included. The amount of those reductions has not be quantified in this study.
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FOREWORD

The basic Space Station Technology Development Mission Requirements Definition
Study for Advanced Automation and Robotics (Contract NAS9-17706) was initiated in

November of 1986 to be completed in November of 1987. The study was conducted

for the National Aeronautics and Space Administration's Johnson Space Center by

the Boeing Aerospace Company. The final report package consists of five documents:

D180-30636-1

D180-30637-1

D180-30638-1

D180-30639-1

D180-30627-1

Final Report

Mission Definition Report

Test Bed "Hooks and Scars" Report

Test Bed Capability/Facility Report

Mission Requirements Data Base Entry

Dr. Jon Erickson and Mr. Kenneth Crouse were the contracting officer's

representatives and technical monitors for the Johnson Space Center. The Boeing

study effort was managed by Dr. Douglas Dorrough and Mr. Robert Dennison with Mr.

Paul Meyer as the technical leader.
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1.0 SUMMARY

Task 5 of the Space Station Development Mission Requirement Definition for

Advanced Automation and Robotics basic study is reported in this document. That

task was conducted to examine needs for provisions in the design of the Initial

Operational Capability (IOC) space station in the areas of software (hooks) and

hardware (scars) in order to accommodate the high priority automation and robotics

(A&R) development missions defined in Task 3. For details on the definition of high

priority A&R missions the reader is referred to Boeing document D180-30637-1 which

is part of the report package for this study. The hooks and scars needs were based on

the space station capabilities and facilities indicated for the high priority missions

which were identified by the conduct of Task 4 of the study and are reported in Boeing

document D180-30639-1.

The sections of this Test Bed "Hooks and Scars" report include discussions of task

conclusions (Section 2.0), recommendations resulting from conduct of the task

(Section 3.0) and detailed results from the task (Section 4.0). Section 5.0 gives a

listing of the applicable references and bibliography.

2.0 CONCLUSIONS

The primary conclusion derived from this task is that the results are preliminary and

that more study of this topic is needed as the station design firms up. This is

particularly true in the software hooks area where the extent of modularity and use of

inert modules to save space for later additions may be developed as the space station

software is configured and languages are selected.

A secondary conclusion is that the most difficult scarring problems are likely to be

associated with the internal robot phase of the Mobile-Intelligent-Dexterous robot.

This experimental phase could place constraints on the sizing of passageways and

the location of internally mounted components that are design drivers for the interior of

the station.

A third conclusion is that use of the APAE may result in a convenient method for

focusing the scarring constraints for the high priority A&R experiments.
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3.0 RECOMMENDATIONS

The results of this task lead to the overall recommendation that a more detailed study
of hooks and scars be initiated for these A&R experiments before the space station

design baseline has reached the preliminary design stage.

4.0 DISCUSSION OF RESULTS

A hooks and scars review of the space station facilities and capabilities was conducted

for the four high priodty missions defined in Task 3. Table 4.0-1 lists those missions for

convenient reference.

Table 4.0-1 High Priority A&R Missions

Fault Predictor/AnalyzerlManager

Autonomous System Manager

EVA Inspector Robot

Mobile-Intelligent-Dexterous Robot

The review was conducted to examine the described facilities and capabilities from

Task 4 to identify where constraints needed to be place on the design of IOC space

station hardware and software in order to accommodate future installations for the A&R

missions listed above.

As was indicated by the facilities/capabilities description (see D180-30639-1) the

space station attached payload accommodations equipment (APAE) appears to be

applicable for all of the defined A&R missions. For the external free flyer experiments

the structural adapters and the subsystem support modules of the APAE would be

used to interface between the free flyer berth unit and the space station systems. The

APAE crew support station would provide an internal space station interface with the

work station display and control panels for each of the A&R missions listed on Table
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4.0-1. The following subsections discuss hooks and scars identified for each of the

high priority A&R missions considering the probable APAE facilities utilization

suggested above.

4.1 Fault Predictor�Analyzer�Manager Hooks and Scars

This A&R candidate was defined to be integrated with the space station DMS and to

use a space station system as a test article for pilot plant demonstrations. Because of

the blending of this experiment into the space station infrastructure, there will be a

need for convenient access for attaching sensors, for connecting signal and data lines

to DMS buss portals, and for installing the control station panels. Because sensors

which are normal equipment on the test article system may be used for this

experiment, use of numerics rather than Iogicals by those sensors for interpreting

information to be used for this experiment would facilitate the needed trending

analyses. In order to process information for this pilot plant experiment as well as for

all of the other A&R experiments on Table 4.0-1 the space station DMS will need an

expansive networking architecture. It will be necessary for that architecture to allow

free form messages associated with symbolic processing and also to provide the

transfer capacity associated with parallel processing. This implies that the DMS will

need the structure to allow the flexibility and adaptability for the configuration

variations and redundancy management alternatives needed for symbolic and parallel

processing. Because the automation associated with changes of the space station

from IOC to growth versions appears to be evolutionary, scarring for experiments such

as this one will involve designing the station systems for overall compatibility and

accessibility with respect to information acquisition and processing systems.

The software of the space station will need to be selected and formatted so that

modules associated with the data load for this experiment may be readily integrated.

This includes compatibility between the conventional software of the station and the AI

software which will be characteristic of this experiment.

4.2 Autonomous System Manager Hooks and Scars

The hooks and scars for this pilot plant experiment will be based on the same space

station design considerations as were discussed in Section 4.1. Because this
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experiment will involve a wider interface with a space station test article system (more
sensing) and a greater capability requirement on the station DMS (more information

processing), the scope of the hooks and scars constraint on space station IOC design
will be greater. For this pilot plant, the fault predictor/analyzer/manager development,
and the two high priority mobile robot experiments there will be considerable use of a

speech interface at the operator's work station. This would require that the location of

that station (the APAE crew support station) be such that background noise and

distracting conversation be maintained at a sufficiently low level.

4.3 EVA Inspector Robot Hooks and Scars

Most of the support for the EVA inspector robot on the exterior of the space station will

be facilitated at the robot berth unit by the station APAE. However, one need that the

robot will have does not appear to be a standard service of the APAE and will need to

be added for this experiment. That need is for the provision of a propellant refueling

capability at the robot berth. For this reason a scar on the APAE subsystem support

module is indicated to allow installation of propellant storage and remote control

refueling hardware. Other external scardng is indicated for mounting surfaces at

appropriate sites along the robot's flight path for the navigational aid devices and also

for the mounting of communication relay antennas. Current limitations on the APAE

constrain the video information that can be stripped out via the subsystem support

module to information which has been digitized. It is likely that transferral of video in

analog form will be required for this experiment and that would represent a scar

requirement on the current APAE. To accommodate robot trouble shooting along the

paths of its anticipated flights, standardized ports to the DMS data buss would be

located where robot emergency acquisition and docking could occur. To facilitate

such approach and docking, structural facilities for attaching bar code targets and

docking fixtures would need to be provided on the external structure at the DMS port.

For the internal scaring the APAE crew support station will need to be designed to

accept the display/control panel and the functional hook ups for the robot control

Station. This control station function will include CAD data transfer and display as well

as a speech interface. The constraint on location of the APAE crew support station to

accommodate speech interaction discussed in Section 4.2 will also apply here. For

this experiment as with the analyzer/manager pilot plants a distributed and adaptable
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DMS is essential. Software hooks for this experiment are characterized by the need

for a space station software modular design and for data formats which are compatible

with the software for this experiment. Space station data base will be required to have

information on the external station configuration (include CAD descriptions) as well as

station attitude and orbital characteristics including operational sequences. Station

software will need to be structured for such information processing and to be

compatible with the artificial intelligence software of this experiment.

4.4 Mobile-Intelligent-Dexterous Robot Hooks and Scars

Like the EVA inspector robot this experiment in its external phase will make use of the

APAE for interfacing between the robot berth and space station services. The need for

propellant replenishment system scars is also associated with this experiment. There

will also be a need for modification to the APAE to allow transferral of video in analog

form. The same mounting surface and emergency data port needs will be part of the

interface for the external phase of this experiment.

Because this experiment includes robotic manipulation functions several new scarring

requirements emerge. The experimental task sites for the robot on the outside of the

station will need to have robot compatible grappling fixtures included in their structural

design and will also need appropriate facilities for attaching bar code targets for

robotic approach and docking. The assemblies and components of the equipment to

serve as test articles for the manipulative functions will need to be marked with labels

coded for robotic identification. Also the fasteners and connectors for those test article

units will need to be designed for standardized robotic operations and the parts need

to be installed so that they remain captured after disengagement by the robot. In

addition a retained fastener design which incorporates a 114 turn fastenlunfasten

standard would aid human EVA as well as the robotic manipulation of this experiment.

To facilitate the development of robotic task sequences, the detailed processes used

by EVA astronauts during space station operations can be recorded in the station data

base and transmitted to Earth for analysis and correlation with simulations of robotic

task scenarios.
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The internal facilities for this A&R mission will include the same scarring constraints as

were discussed in Section 4.3 but will also include significant interface constraints for

the internal phase of this experiment. For that phase the space station interior will

need to be made "robot proof" so that the robot may travel without undue risk of

damaging a critical or fragile component on the station walls or in the passageways.

Also the station interior will need to facilitate the mounting of navigational aid devices,

communication relay antennas and the robot berth itself.

The software hooks for this experiment will be the same as those indicated above for

the other high priority A&R missions.
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study effort was managed by Dr. Douglas Dorrough and Mr. Robert Dennison with Mr.
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1.0 INTRODUCTION

This document presents entries for the Space Station Mission Requirements Database

(MRDB) for the high priority automation and robotics missions identified in the Space

Station Automation and Robotics Missions Study (Contract NAS9-17706). For a

discussion of the missions defined and the prioritization applied, the reader is referred

to the Mission Definition Report for the study (Boeing Document D180-30627-1).

Section 2.0 of this MRDB report presents a slightly modified version of the NASA

Space Station Mission Database Instructions/Definitions based on those which are

presented in JSC 30000 Section 5. The version presented in this document was

modified to explain the particular notations for certain entries in the formatted MRDB

sheets of Section 3.0.

Section 3.0 presents the formatted MRDB entries for the four highest priority

automation and robotics missions selected in the study.

Finally, Section 4.0 presents an executive summary of the Space Station Automation

and Robotics Mission Study as specified in the Contract Data Requirements

Description (DRD) number DM-389T.



D180-30627-1

2.0 MISSION DATA BASE INSTRUCTIONS/DEFINITIONS

NAME

MISSION CODE - A unique identifier for each payload element consisting of a four-

letter identifier and a four character identifier as follows:

Four-letter Identifier

SAAX

COMM

TDMX

Science & Applications Data Base

Commercial Data Base

Technology Development Data Base

Four-character Identifier

AROO-ARO4 Automation and Robotics Mission Elements

PAYLOAD ELEMENT NAME

characters or less).

Alphanumeric name for this payload element (32

COUNTRY - An alphanumeric field (32 characters) to show the country(s) from which

this element originated.

CONTACT - Name and business address of person to contact with questions about

the element. Alphanumeric field of 5 lines, 32 characters per line.

PHONE

characters.

Business phone number of CONTACT. Alphanumeric field of 32

2



D180-30627-1

STATUS - The current status of the payload is indicated by entering the correct

identifier from the following:

1. Operational

2. Approved (funded)

3. Planned

4. Candidate

5. Opportunity

FLIGHTS

The flight schedule for this mission will be in the form of a matrix as follows:

EQUIPMENT UP

EQUIPMENT DOWN

OPERATIONAL DAYS
OTV FLIGHTS

95 96 97

CALENDAR YEAR 19-

98 99 2000 2001 2002 2003

EQUIPMENT UP The number of launches of the mission equipment during the

calendar year shown. If no equipment is launched during the year, show zero.

EQUIPMENT DOWN - The number of times, during the calendar year shown, that

flight equipment for this mission is returned to Earth. If no equipment is returned

during the year, enter zero.

OPERATIONAL DAYS - The number of days, during the calendar year shown, that

this mission element is expected to be operational and using resources other than

volume. If the mission is in orbit but not operational during certain years, enter zero for

those years.
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OTV FLIGHTS - Requirements for station based, reusable O'IV flights should be

shown, with the number of flights, during each calendar year. If none, enter zero.

EARLY FLIGHT - Year of equipment launch if prior to the year 1995.

LATE RETURN - Year of equipment return if later than the year 2003.

OBJECTIVE

Brief statement of the objective of this mission element. An alphanumeric field of 9

lines, 72 characters per line.

DESCRIPTION

Statement describing the mission element. An alphanumeric field of 15 lines, 72

characters per line. This description should include the role of the space station in the
missions.

TYPE/SCALE

TYPE NUMBER - The type for each mission element is taken from the following table,

input is a number between 1 and 18. (Major categories such as science and

applications are defined by MISSION CODE.)

1. Astrophysics

2. Planetary Exploration

3. Environmental

4. Life Sciences

5. Materials Processing [Research and Development (R&D)]

6. Earth and Ocean Observations

7. Communications

8. Materials and Processing (Production)

9. Industrial Services

4
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10. Materials and Structures

11. Energy Conversion
12. Computer Science and Electronics
13. Propulsion
14. Controls and Human Factors

15. Space Station Systems and Operations

16. Fluid and Thermal Physics, Physics and Chemistry

17. Maintenance

18. Other

IMPORTANCE OF SPACE STATION - Importance of a space station to this element.

Scale of 0 to 10 where 1 indicates that the element does not really require the space

station but may use it. Ten indicates that the station is vital to this element and zero

indicates that this is not a station element and will not be serviced by the station.

NON-SERVICING OMV FLIGHTS (PER YEAR) - The number of OMV flights required

for this mission which are used for tasks other than those associated with servicing or

configuration changes.

ADD RESOURCES - Yes or no. This parameter indicates whether (or not) the

resources in this mission element are to be added to total resource requirements. If

no, the resources shown are actually covered by another mission element.

RESOURCE REFERENCE - The eight character mission code of the mission element

that covers the resource requirements for this element.

ORBIT

Indicate if any orbit is acceptable (program will skip to next major section) or if orbital

parameters are to be specified.
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POINTING/ORIENTATION

Indicate if any orientation is acceptable (program will skip to next major section) or any

viewing and orientation parameters to be specified.

POWER

Identify data values for AC power or for DC power

NOTE 1" With the exception of FREQUENCY all data items have the

same definition for AC and DC power.

NOTE 2: An example calculation of kWH per operating day is shown

below to supplement the following definitions.

OPERATING (kW) The power level required to operate this mission element (this is

the off-peak operational power level).

HOURS PER DAY (OPERATING) The average number of hours during an

operational day that the operating power will be on.

VOLTAGE - Voltage requirement for operations

FREQUENCY (HZ) Desired frequency for the operating AC power.

PEAK (kW) The maximum power level which can be reached during operational

days of the this mission element.

HOURS PER DAY (PEAK) - The expected number of hours that the power will be

running at peak power levels during an operational day.

STANDBY POWER (kW) - Power required by the mission element to provide

operational readiness and sating. If standby power is required, it will be required for

24 hours minus the operational and peak hours.

6
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SPECIAL CONSIDERATIONS (POWER) - An alphanumeric field of 6 lines, 72

characters each, to describe any special considerations for power.

Example

kWH per OPERATIONAL DAY = OPERATING POWER (kW) * HOURS PER DAY (OP) +

PEAK POWER (kW) * HOURS PER DAY (PEAK) +

[24-(HOURS OP + HOURS PEAK)] * STANDBY

POWER (kW)

THERMAL

Identify data values for ACTIVE, or for PASSIVE, thermal control depending on the

requirements of the mission element for cooling. The data items have the same

definition for both active and passive cooling.

TEMPERATURE (DEG C) - Minimum and maximum temperature at the interface with

the station thermal control system for both operational and non-operational periods.

HEAT REJECTION (kW)

dissipated for the mission

periods.

- Minimum and maximum heat levels which must be

element during both operational and non-operational

SPECIAL CONSIDERATIONS (THERMAL) An alphanumeric field of 4 lines, 72

characters each, to describe any special considerations for thermal control.

DATA COMMUNICATIONS

ON-BOARD DATA PROCESSING REQUIRED - Indicate either NO, or YES. If YES,

then DESCRIPTION, an alphanumeric field of 72 characters is available to describe

the nature of the processing (e.g. limit checks, health status, etc.).
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ON-BOARD STORAGE (MBIT) - Requirements for storage of digital data, during the

operational lifetime of the mission. Since stored data must be returned to Earth at

sometime, show only the maximum which would be onboard at any time.

STATION DATA REQUIRED - An alphanumeric field of 3 lines, 72 characters each, to

describe data required from the station data management system such as time,

position, attitude, etc.

COMMUNICATION LINKS

A matrix of data items (mission data only) can be entered for one or more of 10

possible transmission paths. These paths are shown in the following table and must

be selected, by number, for entering or printing data. If no transmission paths are to be

used, enter zero.

1. Station to Ground

2. Ground to Station

3. Station to Free Flyer

4. Free Flyer to Station

5. Station to Platform

6. Platform to Station

7. Platform to Ground

8. Ground to Platform

9. Station to Shuttle

10. Shuttle to Station

The following data are required for selected transmission paths:

8
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From:
To:

a. Generation rate (kbps)
b. Duration (hours)
c. Frequency (per day)
d. Delivery time (hours)
e. Security (yes/no)
f. Reliability (%)
g. Interactive (yes/no)

Comment:

Digital
Data

Video
Data

Voice

NA

0

Yes

GENERATION RATE (KBPS)

path.

Rate at which the data will be transmitted along the

DURATION (HRS) The average time, in hours, that is required to transmit the data.

FREQUENCY The average number of times per operational day that data will be

transmitted. If frequency is less than one per day this will be fraction, i.e., every other

day would be 0.5, every 4th day, 0.25, etc.

DELIVERY TIME (HRS) - How soon the data is required at the delivery location. Zero

hours would indicate a realtime requirement.

SECURITY - Is data security required? Enter No, Yes or N/A.

RELIABILITY - The percent of total data collected that must reach the delivery location

to assure mission success.

INTERACTIVE Are 2-way realtime operations required at any time for this

transmission? Enter No, Yes or N/A.

COMMENT - An alphanumeric field of 6 lines, 72 characters each, to describe any

special considerations related to data and communications. Any requirement for

continuous communications between the station and a free flyer should be indicated

here since that requires formation.
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NOTE: Station (ancillary) data is only applicable for transmission paths 1,3

and 5 and voice is only applicable to paths 1,2, 9, and 10.

EQUIPMENT

This section contains information about the hardware required by this mission.

PRESSURIZED MODULE CODE - Enter 1 if the following information is for

equipment only. Enter 2 if a full module is required for this mission.

NOTE: If the mission is a module or includes a module, the internal dimensions and

volume should indicate that.

SHARED FACILITY CODE - Indicate Yes if this mission shares a facility and

subsystems with other missions, and No if not. If Yes, list the mission codes of the

"sharing" missions in the 8-character fields provided.

Equipment location for this mission element is indicated by entering data in the

columns of the equipment location matrix under one or more of the following:

. INTERNAL/PRESSURIZED - If the module code is 1, this is the equipment

internal to a laboratory or habitat. If the module code is 2, this is a module.

= EXTERNAL/ATTACHED/PRESSU RIZED - Equipment which is attached to

ports on any module and is external to that module but must be pressurized

and will provide IVA access.

. EXTERNAL/ATTACHED/UNPRESSURIZED - Same as above with no

requirement for pressurization.

. FREE FLYER (REMOTE) - Mission element is self contained, remote

(probably in a different orbit from the space station) and requires minimum

interaction with the space station.

10
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. FREE FLYER (CO-ORBITING) - Mission element is self contained but must

remain in the same orbit as the space station and in close proximity.

. 28.5 DEGREE PLATFORM - Equipment on free flying platform at the station

inclination.

. SUN SYNC/POLAR PLATFORM - Equipment on free flying platform at Sun

sync/polar inclination.

Equipment locations are not mutually exclusive and any given mission element may

have some equipment in different locations.

DIMENSIONS (M)
Length
Width or DiM.
Height (or blank)

VOLUME (M3)

PKG DIMENSION (M)
Length
Width or DiM.
Height (or blank)

PKG VOLUME (M3)

LAUNCH MASS (KG)

ACCELERATION MAX (g)

Instructions/Definitions
EQUIPMENT LOCATION

4 5 6

DIMENSIONS - Operational dimensions of the equipment may be entered in two

different ways: User may specify length, width and height (m); or length and diameter

(m). Dimensions should be specified for all locations where this mission has

equipment. These dimensions should be for the unpackaged (deployed, if applicable)

operational configuration.

11
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D VOLUME (M 3) - The volume required for equipment in its operational configuration.

PACKAGED FOR DELIVERY - The packaged (stowed) dimensions which will be

used for shuttle manifesting. This item may be entered as length, width and height (m),

or as length and diameter (m).

PACKAGED VOLUME (M3) - Stowed volume of the equipment.

LAUNCH MASS (KG) - Weight of this payload element.

ACCELERATION (g)

during operations.

The g level acceleration limit which the equipment requires

ATTACH POINTS The number of attach points required by the external equipment

for this mission. If none, enter zero.

SET UP CODE - Enter one or more of the following:

1. Deployment

2. Assembly

3. Construction

HARDWARE DESCRIPTION - An alphanumeric field of 7 lines, 72 characters each, to

briefly describe the hardware or to show any special considerations for equipment.

CREW

OPERATIONAL TASKS (NOTES)

• For all crew tasks, skill types and proficiency levels must be specified. The

program allows a maximum of 6 skills for any task.

• The number of skills required does not necessarily specify the number of crew

since any crew member may be cross trained.

12
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• SKILLS The skills required to accomplish operations for this payload will be

taken from the following table:

Skill Type:

1. No Special Skill Required

2. Medical/Biological

3. Physical Sciences

4. Earth and Ocean Sciences

5. Engineering

6. Astronomy

7. Spacecraft Systems

SKILL LEVEL - A skill level of proficiency (from the following table) must be

specified for each skill type. Skill types may be repeated if a different level of

proficiency is required; e.g., an element may require two of skill 2 - a physician and
a medical technician.

Skill Levels

1. Task Trainable

2. Technician

3. Professional

Skill types and skill levels will be specified in matrix form according to the following

example:

13
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SKILL TYPE

K E

I V
L E

L L

2 4 5 7

(The 2 in the second column, third row indicates a requirement for two

medical/biological professionals.)

INITIAL CONSTRUCTION/SET UP

TASK - An alphanumeric field to describe the type of initial set up required (e.g.

Antenna Deployment).

PERIOD (DAYS) - The number of days required for initial tasks.

IVA TOTAL CREWTIME (MHR) - Total IVA manhours required for initial setup

EVA PRODUCTIVE CREW TIME (MHR) - Total EVA manhours required for initial

setup excluding pre and post breathing time.

SKILL TYPES - Enter number of each skill type required to do initial tasks at a

specified SKILL LEVEL.

DAILY OPERATIONS

TASK - An alphanumeric field to describe the daily operations.

14
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IVA CREW TIME PER DAY (MHR) - The total number of manhours required during

each operational day.

SKILL TYPES Enter number of each skill type required to do daily operations at a

specified SKILL LEVEL.

PERIODIC OPERATIONS

TASK - An alphanumeric field to describe the required periodic tasks for this mission.

IVA OCCURRENCE INTERVAL (DAYS) - The interval between IVA occurrences. If

none, enter zero.

CREW TIME/OCCURRENCE (MHR)

occurrence. If none, enter zero.

Total IVA manhours required for each

EVA OCCURRENCE INTERVAL (DAYS) - The interval between EVA occurrences. If

none, enter zero.

PRODUCTIVE CREW TIME/OCCURRENCES (MHR) - The total number of EVA

manhours required for each occurrence excluding pre and post breathing time.

SKILL TYPES Enter number of each skill type required to do periodic operations at

a specified SKILL LEVEL.

TEARDOWN AND STOW

(The data items for the event are the same as those required for INITIAL

CONSTRUCTION/SET UP.)

COMMENTS - An alphanumeric field of 4 lines, 72 characters each, to add comments

for crew operations.

15
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3.0 MISSION DATA BASE ENTRIES

The following entries formatted for the Space Station Mission Data Base are to

describe the four highest priority automation and robotics development missions

identified by this study. The missions are categorized as technology development

missions by the TDMX identifier. The numbering for the missions are shown as non-

standard ARXX numbers since the missions described here have not yet been

accepted for the space station. Most of the elements specified in JSC 30000 Section 5

are covered by the sheets included here and in most cases the quantities entered are

estimates. In some cases the information is indicated as to be determined (TBD).
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TDMX AR01

NAME

PAYLOAD ELEMENT NAME:
LAST UPDATE
COUNTRY OF ORIGIN

CONTACT

FAULT PREDICTOR/ANAL/MGR EXPER

NEW
USA-NASA- JSC

KENNETH CROUSE
SR
JOHNSON SPACE CENTER

HOUSTON, TX 77058

PHONE NUMBER (713) 483-2040

STATUS CANDIDATE

FL IG HTS
FLIGHT SCHEDULE

FLIGHT YEAR 1995 1996 1997 1998 1999 2000 2001 2002 2003

EQUIPMENT UP 0 O I 0 O 0 O 0 0

EQUIPMENT DOWN 0 O O 0 I 0 0 0 0

OPERATIONAL DAYS O O 90 230 O 0 O O 0

OTV FLIGHTS 0 O O 0 O 0 0 0 0

EARLY FLIGHTS 0 O 0 0 0 0 0 0 O

LATE RETURN 0 0 O- 0 0 0 0 0 0

OBJECTIVE: TO DEMONSTRATE IN THE SPACE STATION ENVIRONMENT IN A NON-
INTERFERRING MANNER THAT AUTOMATED PROCESSING OF FAULT SENSOR DATA AND THE

USE OF ARTIFICIAL INTELLIGENCE (AI) TECHNOLOGY CAN REDUCE THE OCCURRENCE
OF FAULTS AND THAT CREW WORKLOAD IS THEREBY REDUCED AND THAT SPARE PARTS
UTILLIZATION IS INCREASED.

DESCRIPTION: INITIALLY THE EXPERIMENT PERFORMS AN OFF-LINE MONITORING FUNCTION
WHICH AUTOMATICALLY RECORDS SENSED FAULTS IN SELECTED TEST ARTICLE SYSTEMS
OF THE SPACE STATION. THOSE RECORDINGS ARE THEN COMPARED AUTOMATICALLY WITH

PRE-DEFINED FAULT PREDICTIONS AND THE PREDICTIONS ARE ADJUSTED TO REFLECT
THE SENSED EXPERIENCE. FAULT MANAGEMENT WOULD BE ACCOMPLISHED BY USING THE
UDDATED PREDICTIONS TO MODIFY MAINTENANCE SCHEDULES AND COMPONENT INVENTORIES
FOR THE TEST-ARTICLE SYSTEMS. PERIODIC EVALUATIONS OF THE RESULTING FAULT

EXPERIENCE, THE CREW WORKLOAD FOR MAINTENACE, AND THE REPLACEMENT PART
LOGISTICS FOR THE SUBJECT SYSTEMS WILL BE PART OF THE EXPERIMENT PROCESS.

TYPE/SCALE
TYPE NUMBER
IMPORTANCE OF SPACE STATION

12
8
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NON-SERVICING OMV FLIGHTS PER YEAR

ADD RESOURCES
RESOURCE REFERENCE

O

YES
N/A

ORBIT ANY ORBIT

POINTING ORIENTATION ANY ORIENTATION

POW ER

EITHER

AC

OPERATING (KW) NOMINAL
HOURS PER DAY (OPERATING)
VOLTAGE NOMINAL

FREQUENCY(HI)
PEAK (KW) NOMINAL

HOURS PER DAY (PEAK)
STANDBY POWER (KW)

DC
OPERATING (KW) NOMINAL
HOURS PER DAY (OPERATING)
VOLTAGE NOMINAL

PEAK (KW) NOMINAL
HOURS PER DAY (PEAK)

STANDBY POWER (KW)

0.1
24.0
TBD

TBD
TBD

0.O

SPECIAL CONSIDERATIONS (POWER):

THERMAL

ACTIVE

TEMPERATURE, DEG C

HEAT REJECTION, KW

OPERATIONAL MIN 0.0 MAX 40.0
NON-OPERATIONAL MIN 0.0 MAX 40.0
OPERATIONAL MIN 0.0 MAX 0-I
NON-OPERATIONAL MIN 0.0 MAX 0.0

PASSIVE

TEMPERATURE, DEG C

HEAT REJECTION, KW

OPERATIONAL MIN N/A MAX N/A
NON-OPERATIONAL MIN N/A MAX N/A
OPERATIONAL MIN 0.0 MAX 0.0
NON-OPERATIONAL MIN 0.0 MAX 0.0

SPECIAL CONSIDERATIONS (THERMAL):

DATA/COMMUNICATIONS
ONBOARD DATA PROCESSING REQUIRED YES

DESCRIPTION: MULTIPLE REAL-TIME DATA PROCESSING, HYPERCHANNEL NETWORKING,
DATABASE ACCESS. AND ARTIFICIAL INTELLIGENCE (AI) SOFTWARE COMPATIBILITY.

ONBOARD STORAGE (MBIT) 50
STATION DATA REQUIRED: DATA ON FAULT PREDICTIONS, MAINTENANCE SCHEDULES

AND REPLACEMENT PART INVENTORIES FOR THE TEST ARTICLE SYSTEMS.
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COMMUNICATION LINKS :

STATION TO GROUND DIGITAL VIDEO VOICE

DATA DATA

A GENERATION RATE (KBPS) 7.00

B DURATION (HOURS) 2.00
C FREQUENCY (PER DAY) 1.00
D DELIVERY TIME (HOURS) O.00
E SECURITY NO
F RELIABILITY (PERCENT) 95.00
G INTERACTIVE (YES/NO) NO

GROUND TO STATION

0 .O N/A
0.0 O .0

0.0 0.0
O .0 O .0
N/A NO
N/A O .0
N/A YES

DIGITAL VIDEO VOICE

DATA DATA

A GENERATION RATE (KBPS) 30.00
B DURATION (HOURS) 0.17

C FREQUENCY (PER DAY) 0.03
D DELIVERY TIME (HOURS) 0.00

E SECURITY NO
F RELIABILITY (PERCENT) 95.00
G INTERACTIVE (YES/NO) NO

0.0 N/A
0.0 0.0

0.0 0.0
0 .O O .0
N/A NO

N/A 0.0
N/A YES

COMMENT (DATA/COMMUNICATIONS):

EQUIPMENT
PRESSURIZED MODULE CODE I

SHARED FACILITIES YES, AR02
EQUIPMENT LOCATION LEGEND

I. INTERNAL/PRESSURIZED
2. EXTERNAL/ATTACHED/PRESSURIZED
3. EXTERNAL/ATTACHED/UNPRESSURIZED
4. FREE FLYER (REMOTE)

EQUIPMENT LOCATION

1 2 3

DIMENSIONS(M)
LENGTH TBD
WIDTH OR DIA. TBD
HEIGHT (OR BLANK) TBD

VOLUME (CUBIC M) 0.25 --

PKG DIMENSIONS (M)
LENGTH
WIDTH
HEIGHT

TBD

TBD
TBD

LAUNCH MASS (KG) 30.00 --

5. FREE FLYER (CO-ORBITING)

6. 28.5 DEGREE PLATFORM
7. SUN SYNC/POLAR PLATFORM

q 5 6 7

m-

_m

w_

19



D180-30627-1

ACCELERATION MAX (G) TBD ....

ATTACH POINTS:

SET UP CODE (DEPLOYMENT/ASSEMBLY/CONSTRUCTION): ASSEMBLY
HARDWARE DESCRIPTION: CONSISTS OF A DISTRIBUTED SET OF SENSORS MOUNTED TO

THE TEST ARTICLE SYSTEMS OF THE SPACE STATION, INTERFACING EQUIPMENT, A
DEDICATED MICROPROCESSOR, AND A DISPLAY PANEL WITH SWITCHES FOR MONITORING
AND CONTROL OF THE EXPERIMENT.

CREW

INITIAL CONSTRUCTION/SET UP

TASK: ATTACHING SENSORS TO THE APPROPRIATE PARTS OF THE TEST ARTICLE

SYSTEMS OF THE SPACE STATION, MOUNTING AND WIRING IN THE INTERFACE

EQUIPMENT AND THE MICROPROCESSOR, INSTALLING THE MONITOR/CONTROL PANEL,
LOADING THE SOFTWARE FOR THE EXPERIMENT AND CHECKING OUT THE EXPERIMENT.

PERIOD (DAYS) 8
IVA TOTAL CREW TIME (MHRS) 32
EVA PRODUCTIVE CREW TIME (MHRS) 0

SKILL TYPE I 2 3 4 5 6 7

TASK TRAINABLE 0 0 O 0 0 0 1

TECHNICIAN O 0 0 0 1 0 0

PROFESSIONAL O 0 0 0 O 0 O

DAILY OPERATIONS

TASK: MONITOR THE EXPERIMENT TO DETERMINE ITS STATE OF HEALTH AND THE
PERFORMANCE PARAMETERS USED IN EVALUATION. RECORDING OBSERVATIONS FOR
POSSIBLE INDICATIONS OF A NEED FOR ADJUSTMENTS OR RECONFIGURATIONS OF
THE EXPERIMENT.

IVA CREW TIME PER DAY (MHRS) 0.2

SKILL TYPE I 2 3 _ 5 6 ?

TASK TRAINABLE 0 0 O 0 1 0 0

TECHNICIAN O 0 0 O 0 0 0

PROFESSIONAL O 0 O 0 O 0 0

PERIODIC OPERATIONS
TASK: PERFORM HARDWARE AND SOFTWARE MAINTENANCE AND RECONFIGURATIONS

OF THE EXPERIMENT AND CONDUCT MONTHLY EVALUATIONS OF THE PERFORMANCE
OF THE EXPERIMENT IN CONFERENCE WITH EVALUATORS ON THE GROUND.
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IVA OCCURENCE INTERVAL (DAYS): MAINT AND RECONFIGURATIONS WKLY AND
EVALUATION CONFERENCES MONTHLY.

IVA CREW TIME/OCCURENCE (MHRS): I HHR WEEKLY AND 5 MHRS MONTHLY.

EVA OCCURENCE INTERVAL (DAYS): N/A

PRODUCTIVE CREW TIME/OCCURENCE (MHRS): 0

SKILL TYPE I 2 3 4 5 6 7

TASK TRAINABLE 0 0 0 0 0 0 I

TECHNICIAN 0 0 0 O I 0 0

PROFESSIONAL 0 0 0 0 I 0 0

TEARDOWN AND STOW

TASK: REMOVE SENSORS AND OTHER EXPERIMENT HARDWARE AND PACK FOR RETURN TO

EARTH. DUMP EXPERIMENT SOFTWARE AND CONDUCT A POST EXPERIMENT CHECKOUT.

PERIOD (DAYS) 2
TOTAL IVA CREW TIME (MHRS) 6
EVA PRODUCTIVE CREW TIME (MHRS) 0

SKILL TYPE I 2 3 _ 5 6 7

TASK TRAINABLE 0 0 0 0 0 0 I

TECHNICIAN 0 0 0 0 I 0 O

PROFESSIONAL 0 0 0 0 O O 0

COMMENTS (CREW): TEARDOWN AND STOW TASKS MAY NOT BE CONDUCTED AS PART OF
THIS EXPERIMENT IF THE TDMX AR02 EXPERIMENT IS CONDUCTED IMMEDIATELY AND
WILL USE THE SENSORS AND OTHER EQUIPMENT INSTALLED FOR THIS EXPERIMENT.
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TDMX AR02

NAME

PAYLOAD ELEMENT NAME:
LAST UPDATE

COUNTRY OF ORIGIN
CONTACT

AUTONOMOUS SYST MGR EXPERIMENT
NEW
USA-NASA-JSC

KENNETH CROUSE
SR
JOHNSON SPACE CENTER

HOUSTON, TX 77058

PHONE NUMBER (713) 483-2040

STATUS CANDIDATE

FLIGHTS
FLIGHT SCHEDULE

FLIGHT YEAR 1995 1996 1997 1998 1999 2000 2001 2002 2003

EQUIPMENT UP 0 0 0 1 0 0 0 O 0

EQUIPMENT DOWN 0 0 0 0 0 0 0 I 0

OPERATIONAL DAYS 0 0 0 0 320 320 320 0 0

OTV FLIGHTS 0 0 0 0 0 0 0 0 0

EARLY FLIGHTS 0 0 0 0 0 0 0 0 0

LATE RETURN 0 0 0 0 0 0 0 0 0

OBJECTIVE: TO DEMONSTRATE IN THE SPACE STATION ENVIRONMENT IN A NON-
INTERFERRING MANNER THAT INTERACTIONS BETWEEN SEVERAL SYSTEMS CAN BE

COORDINATED BY USING ARTIFICIAL INTELLIGENCE (AI) SOFTWARE FOR DECISION
MAKING AND BY USING ADVANCED SENSOR FUSION TECHNIQUES. THE EXPERIMENT
WILL MEET ITS OBJECTIVE WHEN A CLEAR REDUCTION IN SYSTEM OPERATIONAL

CONFLICTS IS DEMONSTRATED WITHOUT A LOSS OF OVERALL RELIABILITY THROUGH
COMPLEXITY IN DATA PROCESSING.

DESCRIPTION: THIS EXPERIMENT WILL INCLUDED THE SENSING AND DATA PROCESSING
FUNCTIONS TO AUTOMATICALLY MONITOR AND MANAGE CERTAIN INTERACTIONS BETWEEN
SEVERAL SYSTEMS OF THE SPACE STATION SELECTED AS TEST ARTICLES. THE

AUTONOMOUS SYST MGR WILL ADDRESS INTERACTIONS SUCH AS RESOURCE SHARING,
INVENTORY SHARING, WORKLOAD SHARING AND CONFIGURATION CONFLICTS. INITIALLY
THE EXPERIMENT WILL RELY ON CREW INTERACTION TO A GREAT EXTENT. OVER THE

THREE YEARS OF THIS EXPERIMENT THE EMPASIS WILL BE ON REDUCING CREW
INVOLVEMENT WITH THE PROCESS THROUGH USE OF AI SOFTWARE TO COMPARE SENSED

DATA WITH PREDICTIONS AND TO MODIFY CONTROL PARAMETERS TO REDUCE THE
SYSTEM CONFLICTS.

D
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TYPE/SCALE

TYPE NUMBER
IMPORTANCE OF SPACE STATION
NON-SERVICING OMV FLIGHTS PER YEAR

ADD RESOURCES
RESOURCE REFERENCE

12
8

0
YES
N/A

ORBIT ANY ORBIT

POINTING ORIENTATION ANY ORIENTATION

POWER

EITHER

AC

OPERATING (KW) NOMINAL
HOURS PER DAY (OPERATING)
VOLTAGE NOMINAL

FREQUENCY(HZ)
PEAK (KW) NOMINAL
HOURS PER DAY (PEAK)
STANDBY POWER (KW)

DC
OPERATING (KW) NOMINAL
HOURS PER DAY (OPERATING)
VOLTAGE NOMINAL

PEAK (KW) NOMINAL
HOURS PER DAY (PEAK)

STANDBY POWER (KW)

0.15
24.00
TBD
TBD

TBD
0.00

SPECIAL CONSIDERATIONS (POWER):

THERMAL

ACTIVE

TEMPERATURE, DEG C

HEAT REJECTION, KW

OPERATIONAL MIN 0.0 MAX 40.00
NON-OPERATIONAL MIN 0.0 MAX 40.00
OPERATIONAL MIN 0.O MAX 0.15

NON-OPERATIONAL MIN 0 .O MAX 0.00

PASSIVE

TEMPERATURE, DEG C

HEAT REJECTION, KW

OPERATIONAL MIN N/A
NON-OPERATIONAL MIN N/A

OPERATIONAL MIN 0.0
NON-OPERATIONAL MIN O.0

SPECIAL CONSIDERATIONS (THERMAL):

MAX N/A
MAX N/A

MAX 0 .O
MAX O .O

DATA/COMMUNICATIONS
ONBOARD DATA PROCESSING REQUIRED YES
DESCRIPTION: MULTIPLE REAL-TIME DATA PROCESSING, HYPERCHANNEL NETWORKING,

DATABASE ACCESS. AND ARTIFICIAL INTELLIGENCE (AI) SOFTWARE COMPATIBILITY.

ONBOARD STORAGE (MBIT) 100
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STATION DATA REQUIRED: DATA ON SYSTEM PREDICTIONS, SCHEDULES, CONFIGURATIONS,
RESOURCE ALLOCATIONS, INVENTORY NEEDS, AND OPERATIONAL PRIORITIES FOR
THE SEVERAL TEST ARTICLE SYSTEMS SELECTED FOR THIS EXPERIMENT.

COMMUNICATION LINKS :

STATION TO GROUND DIGITAL VIDEO VOICE
DATA DATA

A GENERATION RATE (KBPS) 15.00
B DURATION (HOURS) 2.00

C FREQUENCY (PER DAY) 1.00
D DELIVERY TIME (HOURS) O.OO
E SECURITY NO

F RELIABILITY (PERCENT) 95.00
G INTERACTIVE (YES/NO) NO

GROUND TO STATION

0.0 N/A
0.0 0.0

0.0 0.0
0.0 "_ 0.0
N/A NO
N/A 0.0
N/A YES

DIGITAL VIDEO VOICE

DATA DATA

A GENERATION RATE (KBPS) 50.00

B DURATION (HOURS) O.17
C FREQUENCY (PER DAY) 0.03
D DELIVERY TIME (HOURS) O.00
E SECURITY NO
F RELIABILITY (PERCENT) 95.00
G INTERACTIVE (YES/NO) NO

0.0 N/A

0.0 0.0
0 .O 0.0
0.0 0.0
N/A NO
N/A 0 .O
N/A YES

COMMENT (DATA/COMMUNICATIONS):

EQUIPMENT
PRESSURIZED MODULE CODE I

SHARED FACILITIES YES,AN01
EQUIPMENT LOCATION LEGEND

I. INTERNAL/PRESSURIZED
2. EXTERNAL/ATTACHED/PRESSURIZED
3. EXTERNAL/ATTACHED/UNPRESSURIZED
4. FREE FLYER (REMOTE)

EQUIPMENT LOCATION

1 2 3

DIMENSIONS(M)
LENGTH TBD
WIDTH OR DIA. TBD

HEIGHT (OR BLANK) TBD

VOLUME (CUBIC M) 0.40 --

PKG DIMENSIONS (M)

5. FREE FLYER (CO-ORBITING)
6. 28.5 DEGREE PLATFORM

7. SUN SYNC/POLAR PLATFORM

4 5 6 ?
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LENGTH TBD

WIDTH TBD
HEIGHT TBD

mR

P--

w-- --m

LAUNCH MASS (KG) 50.00 ....

ACCELERATION MAX (G) TBD ....

ATTACH POINTS:

SET UP CODE (DEPLOYMENT/ASSEMBLY/CONSTRUCTION): ASSEMBLY
HARDWARE DESCRIPTION: CONSISTS OF A DISTRIBUTED SET OF SENSORS MOUNTED TO

THE TEST ARTICLE SYSTEMS OF THE SPACE STATION, INTERFACING EQUIPMENT, TWO

DEDICATED MICROPROCESSORS, AND A DISPLAY PANEL WIT_ SWITCHES FOR MONITORING
AND CONTROL OF THE EXPERIMENT.

CREW

INITIAL CONSTRUCTION/SET UP

TASK: ATTACHING SENSORS TO THE APPROPRIATE PARTS OF THE TEST ARTICLE

SYSTEMS OF THE SPACE STATION, MOUNTING AND WIRING IN THE INTERFACE
EQUIPMENT AND THE MICROPROCESSORS, INSTALLING THE MONITOR/CONTROL PANEL,
LOADING THE SOFTWARE FOR THE EXPERIMENT AND CHECKING OUT THE EXPERIMENT.

PERIOD (DAYS) 10
IVA TOTAL CREW TIME (MHRS) 44
EVA PRODUCTIVE CREW TIME (MHRS) 0

SKILL TYPE 1 2 3 4 5 6 7

TASK TRAINABLE O O 0 O O O I

TECHNICIAN O O 0 0 I 0 0

PROFESSIONAL O O 0 0 O 0 0

DAILY OPERATIONS

TASK: MONITOR THE EXPERIMENT TO DETERMINE ITS STATE OF HEALTH AND THE
PERFORMANCE PARAMETERS USED IN EVALUATION. RECORDING OBSERVATIONS FOR
POSSIBLE INDICATIONS OF A NEED FOR ADJUSTMENTS OR RECONFIGURATIONS OF
THE EXPERIMENT.

IVA CREW TIME PER DAY (MHRS) 0.25

SKILL TYPE 1 2 3 4 5 6 7

TASK TRAINABLE O O 0 0 I 0 O

TECHNICIAN O 0 0 0 0 0 O

PROFESSIONAL O 0 0 0 0 0 O
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PERIODIC OPERATIONS
TASK: PERFORM HARDWARE AND SOFTWARE MAINTENANCE AND RECONFIGURATIONS

OF THE EXPERIMENT AND CONDUCT MONTHLY EVALUATIONS OF THE PERFORMANCE
OF THE EXPERIMENT IN CONFERENCE WITH EVALUATORS ON THE GROUND.

IVA OCCURENCE INTERVAL (DAYS): MAINT AND RECONFIGURATIONS WKLY AND

EVALUATION CONFERENCES MONTHLY.

IVA CREW TIME/OCCURENCE (MHRS): I MHR WEEKLY AND 5 MHRS MONTHLY.

EVA OCCURENCE INTERVAL (DAYS): N/A

PRODUCTIVE CREW TIME/OCCURENCE (MHRS): 0

SKILL TYPE I 2 3 4 5 6 ?

TASK TRAINABLE 0 0 0 0 0 0 I

TECHNICIAN 0 0 0 0 I 0 0

PROFESSIONAL 0 0 0 0 I 0 0

TEARDOWN AND STOW
TASK: REMOVE SENSORS AND OTHER EXPERIMENT HARDWARE AND PACK FOR RETURN TO

EARTH. DUMP EXPERIMENT SOFTWARE AND CONDUCT A POST EXPERIMENT CHECKOUT.

PERIOD (DAYS) 2
TOTAL IVA CREW TIME (MHRS) 12
EVA PRODUCTIVE CREW TIME (MHRS) 0

SKILL TYPE I 2 3 4 5 6 7

TASK TRAINABLE 0 0 0 0 0 0 1

TECHNICIAN 0 0 0 0 I 0 0

PROFESSIONAL 0 0 0 0 0 0 0

COMMENTS (CREW):

26



D180-30627-I

D

TDMX AR03

NAME
PAYLOAD ELEMENT NAME:
LAST UPDATE
COUNTRY OF ORIGIN

CONTACT

EVA FREE FLYER INSPECTOR ROBOT

NEW
USA-NASA-JSC
KENNETH CROUSE
SR

JOHNSON SPACE CENTER

HOUSTON, TX 77058

PHONE NUMBER (713) 483-20_0

STATUS CANDIDATE

FLIGHTS
FLIGHT SCHEDULE

FLIGHT YEAR 1995 1996 1997 1998 1999 2000 2001 2002 2003

EQUIPMENT UP 0 0 I 0 0 0 O 0 0

EQUIPMENT DOWN 0 0 O 0 0 I O 0 O

OPERATIONAL DAYS 0 0 0 33 30 0 0 0 0

OTV FLIGHTS 0 0 0 0 0 0 0 0 0

EARLY FLIGHTS 0 0 0 0 0 0 0 0 0

LATE RETURN 0 0 0 0 0 O O 0 0

OBJECTIVE: TO DEMONSTRATE SAFE AND RELIABLE EV FREE FLYER ROBOT MOBILITY IN
CLOSE PROXIMITY TO THE SPACE STATION AND TO DEMONSTRATE SUCH MOBILITY USING
LARGELY SUPERVISORY INSTRUCTIONS TO THE ROBOT BY A HUMAN OPERATOR BEFORE
DEPLOYMENT OF THE ROBOT.

DESCRIPTION: EXPERIMENTAL EQUIPMENT INCLUDES A ROBOTIC FREE FLYER, AN EXTERNAL
BERTH FOR THE FREE FLYER, AND AN INTERNAL SUPERVISORY CONTROL STATION. THE
EXPERIMENT MAKES SIGNIFICANT USE OF SPACE STATION DMS AND COMMUNICATION
FACILITIES. ARTIFICIAL INTELLIGENCE SOFTWARE IS DEVELOPED FOR THIS

EXPERIMENT TO FACILITATE AUTONOMOUS ROBOTIC NAVIGATION, PATH AND TASK
PLANNING, AND MACHINE DECISION MAKING INCLUDING AUTONOMOUS OBSTACLE
AVOIDANCE. HUMAN EVA WILL BE USED TO CONDUCT INITIAL GUIDED TOURS FOR THE
FREE FLYER. FINAL VERSIONS OF THE FREE FLYER WILL CARRY A CAMERA TO RECORD
IMAGES ON INSPECTIONS OF EXTERIOR FEATURES OF THE SPACE STATION.

TYPE/SCALE

TYPE NUMBER 12

IMPORTANCE OF SPACE STATION 9
NON-SERVICING OMV FLIGHTS PER YEAR O
ADD RESOURCES YES

RESOURCE REFERENCE N/A
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D

D

ORBIT ANY ORBIT

POINTING ORIENTATION ANY ORIENTATION WHILE SPACE STATION NOT MANEUVERING

POWER

EITHER

AC

OPERATING (KW) NOMINAL 0
HOURS PER DAY (OPERATING) 0
VOLTAGE NOMINAL 0
FREQUENCY(HZ) 0
PEAK (KW) NOMINAL 0

HOURS PER DAY (PEAK) 0
STANDBY POWER (KW) 0

DC

OPERATING (KW) NOMINAL 0.5
HOURS PER DAY (OPERATING) 6.0
VOLTAGE NOMINAL TBD
PEAK (KW) NOMINAL TBD
HOURS PER DAY (PEAK) TBD
STANDBY POWER (KW) 0.1

SPECIAL CONSIDERATIONS (POWER): ELECTRICAL POWER CONDITIONING FOR THE

EXTERNAL BERTH FOR THE FREE FLYER AND FOR CHARGING OF THE FREE FLYER'S
BATTERY MAY BE PROVIDED VIA THE SUBSYSTEM SUPPORT MODULE (SSM) OF THE
ATTACHED PAYLOAD ACCOMODATION EQUIPMENT (APAE) OF THE SPACE STATION.

THERMAL

ACTIVE

TEMPERATURE, DEG C

HEAT REJECTION, KW

OPERATIONAL MIN 0.0 MAX 40.O
NON-OPERATIONAL " MIN 0.0 MAX 40.O

OPERATIONAL MIN 0 -3 MAX 0.4
NON-OPERATIONAL MIN O.0 MAX 0.I

PASSIVE

TEMPERATURE, DEG C

HEAT REJECTION, KW

OPERATIONAL MIN 0.0 MAX 40.0
NON-OPERATIONAL MIN 0.0 MAX 40.0

OPERATIONAL MIN 0.0 MAX 0.1
NON-OPERATIONAL MIN 0,0 MAX 0.1

SPECIAL CONSIDERATIONS (THERMAL): ACTIVE THERMAL CONTROL FOR THE EXTERNAL
BERTH FOR THE FREE FLYER MAY BE PROVIDED AS A FUNCTION OF THE SSM OF THE

APAE.

DATA/COMMUNICATIONS

ONBOARD DATA PROCESSING REQUIRED YES
DESCRIPTION: DATABASE ACCESS, DISTRIBUTED MULTIPLE REAL-TIME PROCESSING,

AND ARTIFICIAL INTELLIGENCE (AI) SOFTWARE COMPATIBILITY.

ONBOARD STORAGE (MBIT) 100
STATION DATA REQUIRED: CAD DATA ON SPACE STATION CONFIGURATION AND

CONFIGURATION OF STATION COMPONENTS AND STATION ATTITUDE AND ORBIT DATA.
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COMMUNICATION LINKS:

STATION TO GROUND

A GENERATION RATE (KBPS)

B DURATION (HOURS)
C FREQUENCY (PER DAY)
D DELIVERY TIME (HOURS)
E SECURITY
F RELIABILITY (PERCENT)

G INTERACTIVE (YES/NO)

GROUND TO STATION

A GENERATION RATE (KBPS)

B DURATION (HOURS)
C FREQUENCY (PER DAY)
D DELIVERY TIME (HOURS)

E SECURITY
F RELIABILITY (PERCENT)
G INTERACTIVE (YES/NO)

STATION TO FREE FLYER

A GENERATION RATE (KBPS)
B DURATION (HOURS)

C FREQUENCY (PER DAY)
D DELIVERY TIME (HOURS)
E SECURITY
F RELIABILITY (PERCENT)
G INTERACTIVE (YES/NO)

FREE FLYER TO STATION

A GENERATION RATE (KBPS)
B DURATION (HOURS)
C FREQUENCY (PER DAY)

D DELIVERY TIME (HOURS)
E SECURITY

F RELIABILITY (PERCENT)

G INTERACTIVE (YES/NO)

DIGITAL VIDEO VOICE

DATA DATA

1 5.00 0.0 N/A
2.00 O .0 0.0
I .00 0.0 0 .O
0.00 0.0 0.0
NO N/A NO

95.00 N/A 0.0
NO N/A YES

DIGITAL VIDEO VOICE
DATA DATA

50.00 0.0 N/A
0.17 0.0 0.0
I .00 0.0 0 .O
0.00 O .0 0.0
NO N/A NO

95.00 NIA 0.0
NO N/A YES

DIGITAL VIDEO VOICE
DATA DATA

I0.00 O .0 N/A

0.17 0.0 0.0
5.00 0.0 0.0
0.00 0.0 O .0
NO N/A NO

95.00 N/A 0.0
NO N/A YES

DIG ITAL VIDEO VOICE

I0.00 I000.0 N/A
0.17 5.0 O .0
5.00 I .0 O .0
0.00 0.0 O .0
NO NO NO

95-00 95.0 0.0
NO YES YES

COMMENT (DATA/COMMUNICATIONS): VIDEO DATA FROM THE FREE FLYER TO THE

STATION TO BE TRANSMITTED WHILE THE FLYER IS IN ITS BERTH. DIGITAL
DATA BETWEEN THE FLYER AND THE STATION'S DMS MAY BE TRANSMITTED WHILE
THE FLYER IS IN ITS BERTH OR WHILE IT IS ON A SORTIE. DATA FROM THE

BERTH MAY BE PROCESSED USING THE NETWORK INTERFACE UNIT OF THE SSM OF
THE STATION'S APAE.
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EQUIPMENT
PRESSURIZED MODULE CODE I

SHARED FACILITIES POSSIBLY, AR04
EQUIPMENT LOCATION LEGEND

I. INTERNAL/PRESSURIZED 5- FREE FLYER (CO-ORBITING)
2. EXTERNAL/ATTACHED/PRESSURIZED 6. 28.5 DEGREE PLATFORM

3. EXTERNAL/ATTACHED/UNPRESSURIZED 7. SUN SYNC/POLAR PLATFORM
4. FREE FLYER (REMOTE)

EQUIPMENT LOCATION

1 2 3 4: 5 6 7

DIMENSIONS(M)
LENGTH 1.00 -- 4.00 -- 1.00

WIDTH OR DIA. 1.00 -- 3.00 -- 0.50
HEIGHT (OR BLANK) 1.50 -- 1.00 -- 1.00

VOLUME (CUBIC M) 1.50 -- 12.00 -- 0.50

PKG DIMENSIONS (M)
LENGTH I .20 -- 5.00 -- 3.50
WIDTH I .20 -- 4.00 -- 1.00
HEIGHT 2.00 -- I .50 -- 2.00

LAUNCH MASS (KG) 10.00 -- 80.00 -- 50.00

m--

m--

m--

_m

m--

ACCELERATION MAX (G) TBD -- TBD -- TBD --

_m

Im

ATTACH POINTS: THE BERTH FOR THE FREE FLYER WILL BE ATTACHED TO THE UPPER
TRUSS OF THE SPACE STATION USING THE PAYLOAD INTERFACE ADAPTER (PIA) AND
THE STATION INTERFACE ADAPTER (SIA).

SET UP CODE (DEPLOYMENT�ASSEMBLY�CONSTRUCTION): ASSEMBLY AND DEPLOYMENT

HARDWARE DESCRIPTION: CONSISTS OF A PANEL FOR SUPERVISORY CONTROL OF THE

MOBILITY OF THE ROBOTIC FREE FLYER, THE FREE FLYER UNIT ITSELF, A BERTH

TO PROVIDE A HOME BASE FOR THE FREE FLYER, AND NAVIGATIONAL AID DEVICES
MOUNTED ON THE SPACE STATION FOR USE BY THE FREE FLYER WHEN ON SORTIES.
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CRE'W

INITIAL CONSTRUCTION/SET UP

TASK: INSTALL THE CONTROL PANEL, LOAD AND CHECK OUT THE SOFTWARE FOR THE
EXPERIMENT AND USE CREW EVA AND THE MSC TO INSTALL THE FREE FLYER'S

BERTH ON THE UPPER TRUSS. INSTALL THE NAVIGATIONAL AIDS, MOUNT
THE FREE FLYER IN THE BERTH AND PERFORM SYSTEM CHECK OUT.

PERIOD (DAYS) 15

IVA TOTAL CREW TIME (MHRS) 36

EVA PRODUCTIVE CREW TIME (MHRS) 24

SKILL TYPE I 2 3 4 5 6 7

TASK TRAINABLE O 0 0 0 0 0 I

TECHNICIAN 0 0 0 0 I 0 2

PROFESSIONAL 0 0 0 0 0 0 0

DAILY OPERATIONS

TASK: INSTRUCT ROBOT PRIOR TO DEPLOYMENT ON A SORTIE. MONITOR THE

ROBOT DURING THE SORTIE, REVIEW AND ANALYZE DATA FROM THE ROBOT DURING

AND AFTER THE SORTIE TO EVALUATE PERFORMANCE, AND TO PROVIDE INPUTS TO
PREPARE THE SYSTEM FOR THE NEXT SORTIE.

IVA CREW TIME PER DAY (MHRS) 2

SKILL TYPE I 2 3 4 5 6 7

TASK TRAINABLE 0 0 O 0 I 0 0

TECHNICIAN 0 0 0 0 0 0 0

PROFESSIONAL 0 0 0 0 I 0 0

PERIODIC OPERATIONS

TASK: PERFORM INITIAL GUIDED TOUR SORTIES, PERFORM CALIBRATIONS,

MAINTENANCE, AND RECONFIGURATIONS OF THE EXPERIMENTAL SYSTEM.

IVA OCCURENCE INTERVAL (DAYS): MAINT AND CALIBRATIONS WKLY,
HARDWARE RECONFIGURATIONS EVERY 6 MONTHS AND SOFTWARE RECONFIGURATIONS
EVERY 2 MOS. GUIDED TOURS WILL BE COUDUCTED AT THE START OF THE

EXPERIMENT WITH 3 GUIDED TOURS ONE WEEK APART.

IVA CREW TIME/OCCURENCE (MHRS): MAINTENANCE AND CALIBRATIONS ONE HOUR

EACH WEEK, HARDWARE RECONFIGURATIONS 12 HOURS EACH, SOFTWARE RECONFIGS
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2 HOURS EACH, AND GUIDED TOURS 6 HOURS EACH.

EVA OCCURENCE INTERVAL (DAYS): MAINT AND CALIB EVAS WILL BE MONTHLY,
HARDWARE RECONFIGS WILL BE EVERY 6 MOS, AND THE THREE GUIDED TOURS
WILL BE SUPPORTED BY CREW EVA.

PRODUCTIVE EVA CREW TIME/OCCURENCE (MHRS): 3 HOURS PER MAINT AND CALIB

(I/4 EVA EACH), 12 PER HARDWARE RECONFIG, AND 12 HOURS FOR EACH GUIDED
TOUR.

SKILL TYPE 1 2 3 4 5 6 7

TASK TRAINABLE 0 0 0 0 1 _0 1

TECHNICIAN 0 0 0 0 0 0 2

PROFESSIONAL 0 0 0 0 0 0 0

TEARDOWN AND STOW

TASK: REMOVE BERTH, NAV AIDS AND FREE FLYER AND PACK FOR RETURN TO EARTH,
REMOVE CONTROL PANEL AND PACK, DUMP SOFTWARE AND CONDUCT POST EXPERIMENT
SYSTEM CHECK OF THE SPACE STATION DMS.

PERIOD (DAYS) 4
TOTAL IVA CREW TIME (MHRS) 16
EVA PRODUCTIVE CREW TIME (MHRS) 12

SKILL TYPE 1 2 3 4 5 6 ?

TASK TRAINABLE 0 0 0 0 0 0 1

TECHNICIAN 0 0 0 0 0 0 2

PROFESSIONAL 0 0 0 0 0 0 0

COMMENTS (CREW) :
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D

TDMX AR04

NAME
PAYLOAD ELEMENT NAME:

LAST UPDATE
COUNTRY OF ORIGIN
CONTACT

PHONE NUMBER

STATUS

FLIGHTS

MOBIL-INTELLIGENT-DEXTER ROBOT

NEW
USA-NASA-JSC
KENNETH CROUSE

SR
JOHNSON SPACE CENTER

HOUSTON, TX 77058

(713) 483-2040

CA N DI DAT E

FLIGHT SCHEDULE

FLIGHT YEAR 1995 1996 1997 1998 1999 2000 2001 2002 2003

EQUIPMENT UP 0 0 0 0 0 I 0 I 0

EQUIPMENT DOWN 0 0 O 0 0 0 0 0 I

OPERATIONAL DAYS 0 0 O 0 O 20 26 26 8

OTV FL IG HTS 0 0 0 0 0 0 0 O 0

EARLY FLIGHTS 0 0 0 0 0 0 0 O O

LATE RETURN 0 0 0 0 0 0 0 0 0

OBJECTIVE: TO EXPAND "ON AND TO COMBINE THE CAPABILITIES DEVELOPED BY THE EVA

FREE FLYER INSPECTOR ROBOT EXPERIMENT (TDMX ARO3) AND THE FLIGHT TELEROBOTICS
SERVICER (FTS) PROGRAM. THIS EXPANSION AND COMBINING WILL PRODUCE A MOBIL
FREE FLYING ROBOT WITH MANIPULATOR CAPABILITY WHICH INCORPORATES APPLICABLE
MACHINE INTELLIGENCE. IT WILL BE AN OBJECTIVE OF THIS EXPERIMENT
TO DEMONSTRATE THE ROBOTIC CAPABILITY THROUGH APPLICATIONS ON THE SPACE

STATION WHICH ARE EXTERNAL (EVA MAINTENANCE OR RETRIEVER TASKS WHICH INVOLVE
BOTH MOBILITY AND MANIPULATION) AND INTERNAL (IVA FETCH AND CARRY TASKS OR
EMERGENCY SPILL CLEAN-UP TASKS).

DESCRIPTION: THIS EXPERIMENT WILL MODIFY THE EVA INSPECTOR ROBOT CONCEPT TO
ADD MANIPULATOR AND STABILIZER ARMS WITH ASSOCIATED END-EFFECTORS AND
SENSING. THE ROBOT'S CAPABILITY WILL INITIALLY BE DEMONSTRATED THROUGH

THE PERFORMANCE OF EXTRA-VEHICULAR MOBILITY AND MANIPULATION MISSIONS
AND LATER THROUGH THE PERFORMANCE OF TASKS INSIDE THE SPACE STATION,S

MODULES. THE ROBOT FOR PERFORMANCE OF THE IVA TASKS WILL BE A MODIFICATION
OF THE EVA VERSION AND WILL BE DEPLOYED IN THE SPACE STATION ABOUT MID WAY
THROUGH THE EXPERIMENT. THE MANIPULATION CONTROL PROCESS FOR THIS EXPERIMENT
WILL TAKE ADVANTAGE OF APPROPRIATE ADVANCEMENTS IN MACHINE INTELLIGENCE
TO MOVE FROM TELEOPERATIONS TOWARD AUTONOMY FROM THE HUMAN OPERATOR.

33



D180-30627-I

THE MOVEMENT INVISIONED WILL BE FROM A LARGELY TELEOPERATED MODE TO A MODE

WHICH SWITCHES FROM TELEOPERATIONS TO ROBOT CONTROLLED TASK SEGMENTS
SUCH AS UNSCREWING A PATTERNED SET OF RETAINER SCREWS AND BACK TO HUMAN
CONTROL. EVENTUALLY THE ROBOT WILL BE DEPLOYED ON SORTIES FOR THE CONDUCT

OF SIMPLE TASKS WITHOUT HANDS ON CONTROL BY A CREW MEMBER.

TYPE/SCALE
TYPE NUMBER 12

IMPORTANCE OF SPACE STATION 9
NON-SERVICING OMV FLIGHTS PER YEAR 0
ADD RESOURCES YES
RESOURCE REFERENCE N/A

ORBIT

POINTING ORIENTATION

POWER

ANY ORBIT

ANY ORIENTATION WHILE SPACE STATION NOT

MANEUVERING.

EITHER

AC
OPERATING (KW) NOMINAL 0

HOURS PER DAY (OPERATING) 0
VOLTAGE NOMINAL 0
FREQUENCY(HZ) 0

PEAK (KW) NOMINAL 0
HOURS PER DAY (PEAK) 0
STANDBY POWER (KW) 0

DC
OPERATING (KW) NOMINAL 1.0
HOURS PER DAY (OPERATING) 6.0
VOLTAGE NOMINAL TBD

PEAK (KW) NOMINAL TBD
HOURS PER DAY (PEAK) TBD
STANDBY POWER (KW) 0.2

SPECIAL CONSIDERATIONS (POWER): ELECTRICAL POWER CONDIDTIONING FOR THE

BERTH FOR THE EXTERNAL FREE FLYER PART OF THIS EXPERIMENT MAY BE PROVIDED
THROUGH USE OF THE SUBSYSTEM SUPPORT MODULE (SSM) OF THE ATTACHED
PAYLOAD ACCOMMODATION EQUIPMENT (APAE) OF THE SPACE STATION. THE POWER
FOR THE INTERNAL FREE FLYER AND ITS BERTH WILL BE TAKEN FROM THE MODULE

POWER SUPPLY SYSTEM.

THERMAL

ACTIVE

TEMPERATURE, DEG C

HEAT REJECTION, KN

OPERATIO NAL MIN 0.0 MAX 40.0
NON-OPERATIONAL MIN 0.0 MAX 40.0
OPERATIONAL MIN 0.0 MAX 0.8
NON-OPERATIONAL MIN 0.0 MAX 0.2

PASSIVE
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TEMPERATURE, DEG C

HEAT REJECTION, KW

OPERATIONAL MIN 0.0 MAX 40.0

NON-OPERATIONAL MIN b.O MAX 40.0
OPERATIONAL MIN 0.0 MAX 0.2
NON-OPERATIONAL MIN 0.O MAX 0.2

SPECIAL CONSIDERATIONS (THERMAL): THERMAL CONTROL FOR THE EXTERNALLY

MOUNTED EQUIPMENT FOR THIS EXPERIMENT MAY BE PROVIDED AS PART OF THE
FUNCTION OF THE SSM.

DATA/COMMUNICATIONS
ONBOARD DATA PROCESSING REQUIRED YES
DESCRIPTION: MULTIPLE REAL-TIME DATA PROCESSING, DATABASE ACCESS. AND
ARTIFICIAL INTELLIGENCE (AI) SOFTWARE COMPATIBILITY.

ONBOARD STORAGE (MBIT) 200
STATION DATA REQUIRED: CAD DATA ON SPACE STATION INTERNAL AND EXTERNAL

CONFIGURATIONS, THE CHARACTERISTICS OF SPACE STATION COMPONENTS, AND
STATION ATTITUDE AND ORBIT CHARACTERISTICS.

COMMUNICATION LINKS:

STATION TO GROUND DIGITAL VIDEO VOICE
DATA DATA

A GENERATION RATE (KBPS) 25.00

B DURATION (HOURS) 2.00
C FREQUENCY (PER DAY) 1.00
D DELIVERY TIME (HOURS) 0.00
E SECURITY NO
F RELIABILITY (PERCENT) 95.00
G INTERACTIVE (YES/NO) NO

GROUND TO STATION

0.0 N/A
0.0 0.0
0.0 0.0
0.0 0.0
N/A NO
N/A 0.0

N/A YES

DIGITAL VIDEO VOICE

DATA DATA

A GENERATION RATE (KBPS) ?5.00

B DURATION (HOURS) 0.17
C FREQUENCY (PER DAY) 1.00
D DELIVERY TIME (HOURS) 0.00
E SECURITY NO
F RELIABILITY (PERCENT) 95.00
G INTERACTIVE (YES/NO) NO

0.0 N/A

0.0 0.0
0.0 0.0
0.0 0.0
N/A NO
N/A 0.0
N/A YES

STATION TO FREE FLYER DIGITAL VIDEO VOICE
DATA DATA

A GENERATION RATE (KBPS) 10.00
B DURATION (HOURS) 0.17
C FREQUENCY (PER DAY) 5.00

D DELIVERY TIME (HOURS) 0.00
E SECURITY NO

F RELIABILITY (PERCENT) 95.00
G INTERACTIVE (YES/NO) NO

FREE FLYER TO STATION

0.0 N/A
0.0 0.0

0.0 0.0
0.0 0.0
N/A NO

N/A 0.0
N/A YES

DIGITAL VIDEO VOICE
DATA DATA
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A GENERATION RATE (KBPS) 10.00 I000.0

B DURATION (HOURS) 0.17 5.0
C FREQUENCY (PER DAY) 5.00 1.0

D DELIVERY TIME (HOURS) 0.00 O.0
E SECURITY NO NO

F RELIABILITY (PERCENT) 95.00 95.0
G INTERACTIVE (YES/NO) NO YES

N/A

O.O
O.0

0.0
NO
0.O
YES

COMMENT (DATA/COMMUNICATIONS): VIDEO DATA FROM THE FREE FLYER TO THE

STATION TO BE TRANSMITTED WHILE THE FLYER IS IN ITS BERTH. DIGITAL
DATA BETWEEN THE FLYER AND THE STATION'S DMS MAY BE TRANSMITTED WHILE
THE FLYER IS IN ITS BERTH OR WHILE IT IS ON A SORTIE. DATA FROM THE

BERTH FOR THE EXTERNAL PART OF THIS EXPERIMENT MAY BE PROCESSED USING
THE NETWORK INTERFACE UNIT OF THE SSM OF THE STATION'S APAE.

EQUIPMENT

PRESSURIZED MODULE CODE I

SHARED FACILITIES POSSIBLY, AR03
EQUIPMENT LOCATION LEGEND

I. INTERNAL/PRESSURIZED 5. FREE FLYER (CO-ORBITING)
2. EXTERNAL/ATTACHED/PRESSURIZED 6. 28.5 DEGREE PLATFORM
3. EXTERNAL/ATTACHED/UNPRESSURIZED 7. SUN SYNC/POLAR PLATFORM
4. FREE FLYER (REMOTE)

EQUIPMENT LOCATION

1 2 3 4 5 6 ?

DIMENSIONS(M)

LENGTH 1.0/5.0 -- 4.0 -- 1 .O ....

WIDTH OR DIA. 1.0/4.0 -- 3.0 -- 0.5 ....
HEIGHT (OR BLANK) 1.5/2.5 -- 1.0 -- 1.0 ....

VOLUME (CUBIC M) 1.5/60.0 -- 12.0 -- 0.5

PKG DIMENSIONS (M)

LENGTH 1.2/5.5 -- 5.0 -- 3.5 ....
WIDTH 1.2/4.5 -- 4.0 -- 1.0 ....

HEIGHT 2.0/3.0 -- 1.5 -- 2.0 ....

LAUNCH MASS (KG) 50/150 -- 80 == 50

ACCELERATION MAX (G) TBD -- TBD -- TBD ....

(UNDER EQUIPMENT LOCATION CATEGORY I THE FIGURE ABOVE THE / IS FOR THE
EXTERNAL PART OF THE OF THE EXPERIMENT AND THE FIGURE BELOW IS FOR

THE INTERNAL PART; CATERGORIES 3 AND 5 ARE FOR THE EXTERNAL EXPERIMENT ONLY)

ATTACH POINTS: FOR THE EVA PART OF THE EXPERIMENT THE BERTH FOR THE FREE FLYER
WILL BE ATTACHED TO THE UPPER TRUSS OF THE SPACE STATION USING THE PAYLOAD
INTERFACE ADAPTER (PIA) AND THE STATION INTERFACE ADAPTER (SIA). THE
EQUIPMENT FOR THE INTERNAL PART OF THE EXPERIMENT WILL BE ATTACHED TO THE
RACKS OR THE WALLS INSIDE THE MODULE OF THE STATION.
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SET UP CODE (DEPLOYMENT/ASSEMBLY/CONSTRUCTION): ASSEMBLY AND DEPLOYMENT

HARDWARE DESCRIPTION: CONSISTS OF A PANEL FOR TELEOPERATOR/SUPERVISORY

CONTROL OF THE MANIPULATORS AND MOBILITY OF THE ROBOTIC FREE FLYER,
THE FREE FLYER UNIT ITSELF (AN EXTERNAL VERSION FOR THE EVA PART OF THE

EXPERIMENT AND AN INTERNAL VERSION FOR THE IVA DEMONSTRATIONS), A
BERTH (EXTERNAL AND LATER AN INTERNAL VERSION) TO PROVIDE A HOME BASE FOR

THE FREE FLYER, AND NAVIGATIONAL AID DEVICES MOUNTED ON OR IN THE SPACE
STATION FOR USE BY THE FREE FLYER WHEN ON SORTIES.

CREW

INITIAL CONSTRUCTION/SET UP

TASK: INSTALL THE CONTROL PANEL, LOAD AND CHECK OUT THE SOFTWARE FOR
EXPERIMENT AND FOR THE EVA PART USE CREW EVA AND THE MSC TO INSTALL

THE FREE FLYER'S BERTH ON THE UPPER TRUSS, TO INSTALL THE NAVIGATIONAL
AIDS AND TO MOUNT THE FREE FLYER IN THE BERTH AND PERFORM SYSTEM
CHECK OUT. FOR THE IVA PART OF THE EXPERIMENT THE MOUNTING AND

CHECKING OUT OF BERTH, NAVIGATIONAL AID AND FLYER EQUIPMENT WILL BE
DONE BY IVA CREW MEMBERS.

D

PERIOD (DAYS) 15/12
IVA TOTAL CREW TIME (MHRS) 64
EVA PRODUCTIVE CREW TIME (MHRS) 24

SKILL TYPE I 2 3 _ 5 6 ?

TASK TRAINABLE O 0 0 O 0 0 I

TECHNICIAN 0 0 0 0 I 0 2

PROFESSIONAL O 0 O O O O O

DAILY OPERATIONS

TASK: INSTRUCT ROBOT PRIOR TO DEPLOYMENT ON A SORTIE. MONITOR AND

TELEOPERATE THE ROBOT DURING THE SORTIE, REVIEW AND ANALYZE DATA
FROM THE ROBOT DURING AND AFTER THE SORTIE TO EVALUATE PERFORMANCE,
AND TO PROVIDE INPUTS TO PREPARE THE SYSTEM FOR THE NEXT SORTIE.

IVA CREW TIME PER DAY (MHRS) 6

SKILL TYPE I 2 3 4 5 6 7

TASK TRAINABLE 0 0 O 0 I 0 0

TECHNICIAN 0 0 0 0 0 O 0

PROFESSIONAL 0 0 0 0 I 0 0

PERIODIC OPERATIONS

TASK: PERFORM INITIAL GUIDED TOUR SORTIES, PERFORM CALIBRATIONS,

D
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MAINTENANCE, AND RECONFIGURATIONS OF THE EXPERIMENTAL SYSTEM.

IVA OCCURENCE INTERVAL (DAYS): MAINT AND CALIBRATIONS WKLY,
HARDWARE RECONFIGURATIONS EVERY 6 MONTHS AND SOFTWARE RECONFIGURATIONS
EVERY 2 MOS. GUIDED TOURS WILL BE COUDUCTED FOR BOTH THE EVA AND IVA
PARTS OF THE EXPERIMENT. EACH PART OF THE EXPERIMENT (EV AND IV) WILL

BE INITIATED WITH 3 GUIDED TOURS ONE WEEK APART.

IVA CREW TIME/OCCURENCE (MHRS): MAINTENANCE AND CALIBRATIONS ONE HOUR

EACH WEEK, HARDWARE RECONFIGURATIONS 12 HOURS EACH, SOFTWARE RECONFIGS
2 HOURS EACH, EV PART GUIDED TOURS 6 HOURS EACH, AND IV PART TOURS 8
HOURS EACH.

EVA OCCURENCE INTERVAL (DAYS): FOR THE EV PART OF THE EXPERIMENT MAINT

AND CALIB EVAS WILL BE MONTHLY, HARDWARE RECONFIGS WILL BE EVERY 6 MOS,
AND THE THREE EV GUIDED TOURS WILL BE SUPPORTED BY CREW EVA.

PRODUCTIVE EVA CREW TIME/OCCURENCE (MHRS): 3 HOURS PER MAINT AND CALIB

(I/4 EVA EACH), 12 PER HARDWARE RECONFIG, AND 12 HOURS FOR EACH GUIDED
TOUR.

SKILL TYPE I 2 3 4 5 6 7

TASK TRAINABLE 0 0 0 0 l 0 I

TECHNICIAN 0 0 0 0 0 0 2

PROFESSIONAL 0 0 0 0 0 0 0

TEARDOWN AND STOW

TASK: REMOVE BERTH, NAV AIDS AND FREE FLYER AND PACK FOR RETURN TO EARTH,

REMOVE CONTROL PANEL AND PACK, DUMP SOFTWARE AND CONDUCT POST EXPERIMENT
SYSTEM CHECK OF THE SPACE STATION DMS.

PERIOD (DAYS)
TOTAL IVA CREW TIME (MHRS)

EVA PRODUCTIVE CREW TIME (MHRS)

4 EV PART/ 3 IV PART
24
12

SKILL TYPE I 2 3 4 5 6 ?

TASK TRAINABLE 0 0 0 0 0 0 I

TECHNICIAN 0 0 0 0 0 0 2

PROFESSIONAL 0 0 0 0 0 0 0

COMMENTS (CREW):
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"4.0 EXECUTIVE SUMMARY

One of the primary applications of the space station will be to provide a long-duration

Earth-orbiting laboratory for the conduct of technology development programs.

Perhaps the most intriguing technology area for such development is that of

automation and robotics (A&R). That technology area has been the focus of much

national attention because of the promise it presents for increasing our industrial

efficiency and providing machines that can do tasks that are hazardous for humans

(e.g., clean up of toxic or radiated sites). Space station is an appropriate program for

leading a national effort to advance this promising technology area.

While the orbiting space station may not be an obvious facility for development of

many Earth-bound applications of A&R, it will have certain unique characteristics that

make it a valuable A&R development laboratory. Probably the most significant of

these characteristics is the space station's natural provision of microgravity, deep

vacuum, and other environmental properties of space. Such natural availability of

these properties allows repeated and sustained conduct of space experiments without

the costs and uncertainties imposed by Earth-bound simulations. The predictability of

the provided space environment is another aspect of the on-orbit laboratory that allows

efficient conduct of experiments. The availability of a dedicated and highly trained

crew is another space station characteristic that would benefit A&R experiments

through the focused expertise of such individuals. Finally, the space station program

itself provides significant motivation for the development of A&R technologies.

One of the more significant motivations for A&R use on the space station is the

anticipated impact of machines on the reduction of the housekeeping workload of the

station crew. By the application of automated data collectors and decision makers for

on-board system and resource management, more efficient operation of the station

could be obtained. This would not only allow the crew to focus their attention on

mission tasks but would also result in more effective use of the inventory and

resources of the station. Another significant use of A&R on the space station would be

the application of mobile, intelligent, and dexterous robots. Such mobile robots with

sensors or manipulators could relieve humans from repetitive or hazardous activities.

When these activities are conducted outside the enclosed environment of the space

station modules, these robots would reduce the particularly costly and hazardous duty

of crew members on EVA. As mobile robots advance to a level of machine intelligence
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they can be used for tasks such as emergency extravehicular retrieval of dislodged

objects or human astronauts or emergency interior spill clean-up and puncture repair.

Such applications of A&R could provide significant enhancements in the safety of the

space station.

As we examine the utility of automation and robotics concepts on the space station,

two questions generally emerge. First, we must consider how realistic such A&R

advancements are in terms of the anticipated status of the needed background

technologies and secondly how do these advancements find utility on Earth. The

answer to the first question must be based on available technology assessments -

many of which are summarized in the studies conducted by the space station phase B

contractors. Those summaries indicate that computing and software technologies as

well as robotic mechanism and sensing techniques will be emerging over the next two

decades. That emergence will provide background for artificial intelligence and

versatile robotics but background by itself is not sufficient. Before A&R applications

can be deployed those background technologies will need to be tailored into

engineering concepts through systems integration and operational experience with

working prototypes. That tailoring is the essential purpose of the space station

technology development missions. As a result of that tailoring to specific applications

the technologies will mature to become useful elements of future engineering design.

This brings us to the second question, which is how such space-oriented technologies

can be spun off to Earth- bound uses. While it is clear that free flying robots do not

directly find their way into U.S. factories, the technologies that are matured through the

space station developments could be part of applications on Earth. Elements of

robotic capability involve functions such as those selected from a menu like the one

displayed by the left hand column of Figure 1.
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The development of A&R concepts for a particular space application (say a mobile

space robot) will generally drive the advancement of several generic technologies

such as automatic planning, sensor data fusion, parallel processing, real time

automatic decision making, machine speech understanding, machine vision

processing and the use of blackboard architectures. The motivation provided by

space station applications will produce a mature level of these and other generic A&R

technologies which can then be transferred to Earth-bound applications.

The space station technology development program to mature A&R, as indicated

above would start with on-board demonstrators that would involve human interaction

for much of the decision making. As experience is gained, the demonstrators will

evolve to greater machine autonomy through use of more automatic decision making

and planning capability (see Figure 1). Human involvement will become more

supervisory so that a few minutes may be spent by a crew member outlining a day's

work for an A&R system. A part of the maturing process of an A&R application will be

the development of confidence by the human crew members in the capability of the

corJcept demonstrator to perform its functions autonomously. This experience and

_:onfidence can be a factor in the acceptance of A&R concepts for terrestrial application

as well. This is because space station as a highly visible national program will provide

a public arena for exhibiting the advancements of A&R. As potential users on Earth

observe these A&R systems in action, those users can develop an awareness and an

acceptance of the concepts involved. This awareness and acceptance by the

American people can be a step in moving us into a more competitive position as users

of technology in the 21 st century.
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